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J — x 4 *j 

Preface 


ol yp\j>^ OL?OjU>J| yo JuJuJl J jl? L 0 Ol y**~S\ 

^Jl SwUIjjuJI t Nanotechnology I L_^jJjJJnjl)I y 

y* jOUjJl J-s^>cJJ y> y~* y-~*-a J~ s-9 y ( Jw^3 y* A3 

o*A_& ^^Lp ‘*— lwi_A ^_y . 3 wL>cJLoJ I JU^Jl lwA_g_> 1 ■<>. 1 1 ^ pLo-L*JI 

LLi y* A^_*2> J y jJ J . Aj y IjJ I Lj>- j] yScS\ Ajl j_LP S y* C^JIj-kVl 

y> aJjJI y 4_*^ojjjo Ll^3 2)1 J_*_) ( jyjy^- y\jL& .j j yy3j\ 2)La*JL«^>) 

d*y>- l^Li_L*^Ju 4 _*_^L>- <y j c 2001 £yj Lj ^>- y i y L^>- y£s^\ Jy*~a 

^ y.^.^->zS~A y* iwi-Ji? 4^)J->cJ j ^JLoJ I I j-& -Li] .2002 <. a _> ^>- 

^L^ijj^Jlj t jJ j^o-SGl t ^L> c e-Lj^uaJlj c ^Lw^5sJl ^3 

<~j\sjS yy ^wLp L> j .3 ! ^^-]| ^_1_p^ c ^Lj ! a^*>.ai.^ 1 1^ C A^S\-o ISCwoJ I 

C~>*)\_>c^ ya Nllo U l ^oJl oLJJaJLa y> aJ jJLx^a A^>-Lw*w<J ^ia_*_} 

1 ^— > _j ^ JLoJ 1 2)1 y* ^Jl ^J-P^ c y^}j .o?-l ^JLU Ajj^ y^>\ S3L0JI y$ yS ^l^o-Lp 
oUl /»■ ^ 3 ^3 Ol> j_*-v^ ( /^P Ij j_<_P J_> J_*Jl (jli t J^J>~ ^JlSs^L) aJw-&j 

4 j>“L>cJ| ljwij>-^ dUAJ 4 j>c-Jo . d^ ,S y LiLoJ I o 2 w& 0 4 '^ P ^o-^>c-oJl l^hoJLpI 

C ySLaj t <\J>- <c5sjj C y* C-AJaJl ^2-*j <_jl^5" 


( j-^>s1jJ l ^ « iLaJ j oL^Ul ^J^>-wLa 


^Mkil 




l — t y~>~ y>^~* y& ySj>-\-) t ^r y ^ j- 4 

<_jl_)L^Jl I j_A ^Jj>cJL~y 2)1 Lyg-j 1 ySL^y .4_^*_>jL>cJ 1 ^ ^ ,h>- 1 y* A_>L^_) ^3 I 

1 ^ ^ j»w<-p L-s .^ >^ . ] 1^ 3 L^” i lwJ2 ( ^ ^ w \ .Si/g ^ ^ ( ^_«3 J |X>. 

. JU^Jl lj-& ^3 

|t-> t p!^>-I a*_*^*> t _^p' y^j y ^-s^23 y^s* j aj*^\j ^3 ^ > LxSsJ 1 1 ^-j JCa 
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dr" 


j3j_> di ( Jw2-3 J5 £_3jJu .cjL>c^J ^Jdd l .yg ^ ' daud jj ( J^v 2-9 J5 djLxS" 

L-L-l ojLi>c^ <d_L«! ^A y-*-* JL>^J c 4_*j>-l jA c <d>jLd> 3 jJgj 

dSd I ^3 dsi-3LwoJl ^wyglj-dl ^3 £_*»jdl ^i»P •* ’ddaJl £*j>c-JL> |*_>j . ^-d^Ji 

4 _>LlS" L»j 2 _>I |*-jj . ^J. <yg. 3 ^Jd" d_> L^-j ^_3 o ^_3 jJLodl £J>-I 3*1 ^_3 ddd>- 

. 4^»» wLL^J' j ^ jJudl ^_3 d j_odJ 4_d_L>c_^dl <Lwo-J-*jJl 4 ^jLL>J| J-Sl jJo 4_Aj jda_J 

4-Jj £_wdjydl f-Uaplj Lo-a |*_£jjJl 0 j^^S' <udidl ddjLwxJl i^^\Jl> L diJdS" 

*Lo t I JJ . 4_l_v2-<dj 4 -w^Ijj ( JwdL>cj ^3 ^<g j_*Jl d* 0 4 Ld_*jgj lg_dlp ^3 

ld»& LgjjJL>cj ^dJl I j~dl d^ 4^j^->e-<d! f-Liapj c Lj jy~ ^dp 

lijj .^J^JA f^\ Jj^*Jl (_5^ ^j^J-*-)! dj^ d^ 4 ^-* ! ^ va ) J*>U>- 

<Asaj *Sj d)d oJ-do ^yg jj dJli tdjgs-'yi d^ jdd>-lj ^a ^\ J^UJl i^diaj 

^jA ^JLo d» y> 4-d-P L*Ld di j^j-i d^-g-j^ c ^Jl^LS' ( Jddlu ( j_>*Jj>- cJjl 

d ^jA *\y>-\ ^s- j LgJl^ Jj>o d j^/g.3 ^_3Jj>- ^Sdoj t dJJ.S (__£J-*j ds .d jjdl 

• $\y ^ ^yLJ Lo ^-g-s y c 5^ dl)dJ djSd dl 

.^lJjj^j oLp-I j_S" djL-d /^JjLwv^ ^^J-p ^>d_5d]| ^j_l>c_j 

_ (Website) dSd_jdl ^3 ^_3 j^j ^^J-p ^Jud^woJl oJ_^J d j-d>- ^L>c_>! ( j_Sdo-jj 


•jjy 5 


^L<d^J 


^jw?*“LJ! ^sd ji dj^ d^ 3 d^-ojji id_A c di^jji ^3 

. ^IjLSdJl lwA_^d d^d j) ^ >c— od ' ^ j_L>cdl .J^2_9 4_>1 jlS” ^_3 I ^ddl 

dl < W?Ld t^_^o^Jlj ^_jj_L3 

L/2j1 ^ jj . ( /^ww^ Lv2jj>- 1 4 '^T" y 3 ^d5" ( /^>s jZ^> yj <• ^ ^dUaJl jj^o^>- 

L^-^>c_*xJ y jj j\S »>-3jl ^j-d5dl ji j-^j *> ^ jj d— ol^ jddd L *u>- jjo dl 

djj^d" jA^I i diliSj c 4 ^jLo-jI djL*J ^JoLpjj ^j j_dw<dl (_3*yJaj'yi ^_^-dp 
t^ddaJl wLjwLxJl diJdd c ^Jwws^LddJ jdx>^<dl j-d ^jwj>-j 

^Jwsjj c ^jd_<»_0 ( j_jjL»j c ddlj j£s-Z+j dl ^ jj .dow^_j3 <2j L<iw & > 

i Lj>- jJ jJ^dJ Lj^j >- ( y j^'yi j ^Jdd! ^ 2j /»-^j -Ip d»w<d o jl^j jL 

• d j-v2jjJl ( y2AJ dp Ld? ^3 4jlx>»Adwd d^ d bLaj 


dd^ o cr^rT 

James R. Heflin 


Lsy-tl o'- 

Stephane Evoy 

LjLiL-jj t LiJy>Li 


I jjuj jjLJu»-wv-U 

Massimiliano DiVentra 

LJjjdJIS' c _^*-o j jL- 
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4— a J ucuJl 
Introduction 


Lo jJC (JL>c^s j_a (Na.noscB.le) ^jLJI ^-*>LJL 4 ^_1_pj aJ U 2J d)j 

o'yu^Ji ^j_JLlJI .<l^ j. ). ^ I' j ^j_J-*_Jl 

a_>^~>JI olS^^Jlj c (Molecular electronics) a^j^JI oLJj^SG^/IS” 
^^Jlp ca™S^i!I (Biomolecular motors) 

Aja_^>l j_> Lol j_si oljJJl ^-a c (DNA) ^-w>c_*^S , 'y I jjJl 

(Nanotechnology) A_>^itJl iHJhJl CjwI t(STM)iJjL)l a^^>LJ| y^U^Jl 
^Lx>s cLL)*i_S”^ c ^ *L_LJl 'j*S jj yj* 

jJl a!x>c>jj ^L>jlaI 

jJL>s j_}ljJl C (J j. Ja. 1 1 oJ_p^j Jb^Jl I j_A c_3^)_P l A_> I ^_3 

^ .oLJl AjLtjj IfJl aj>- t(lnm=10‘ 9 m) 

*L>J-^3 03Jj>c-4 iL^iL^y/l L^-yg-jl yg 2- J djIjAJl ^jl d)l LoJUg c ajj^JL>cJI 

UjLp|wb| ^3 Ijjo ^>- A^AijL^a Aj*yj>“ Lu5Co-> ( j-*>L-A >3 (jls C ^_^Jl 

OwL) J_>- cjLSLjil d J jj ^3 L^al Jj>s_L^i|j ol jjjl ( /^5 ^1 jjlj ^IJLpI ^3 ^-A 

£-A "c>y^J>-\j 3l j-A e-lju ^3 ! A_j j_j I jJl aJUjJI ( J^o-P l) 1*X— a j-A I j_Aj .0L0JI 
ol J jj IJ_SCa . A_ol j oljJJl ^ ^^- >c -^ 

^3j <• l ^ -. -L-P ^_3 jl_*JLoJl aJULlJI ^^JlpI CjIjL^sj l -s/g 

|j_S\_A J-LP ia.fl 3 0 j ^vwJOa ^Jw«LSsJL> AJu J-P- ^aI (_5^i ^ ^ ^JL; t ol^'yi 


4_>t -Jo ^-wwv^L<>Jl | /^j I ^3 ^ojJl JjJL>cJ J-flJ 

j2ja . ^3 oLlv^JI ^pLwsA> ^3 

^L^aJl (»_^oL>cJl -t3 j I j-A . <j L a)l)1 0 j-A ^3 a_L>jL^ai 0 ^24 1 
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yj» J_)lLI c ^(Paradigms) j-o j-So j 

Jl LJ>» SJLja l*LJ .(Bottom-Up) «JipI Jl Jb) j-aj (Top-Down) «JLd 
Jj ap-L>JI ^pjJ LoJjp- oU Jba Lg-i* tJl^Jj o j^SsJl ^ JL»I 

y* Aj>-j 0->cj ^3 oUlJI Jo-*J 4JuU^ 4_5 j J2jj C y*-^£> I ^-vwoLi^ y* yj y>3 

l Usl jS' ji-JJl CjLjJLj <\JL JaJl oJ-& CU ->/g >cJ JJL) j . ^L>- Jl o j-^~> <\sS 

AP Ls-yaAJ ^-L-VI 

j_*-s^ 5 'yi olj j^oJl c-^JJaJo W^Jp-l ^Jl |j-w« cjU c ji>-! 4^>- 

|j~JL*J ^Sl j jJl ^Uaj yjj^S . J Lg_*/L*-> yy (<Lol Jb/1 olJoJjJlj oljAJLS) 

I aj ^_> tJl j ^oLj^oaJlj 12L+Si\ oLU^Jl (Leveraging) oLJl*^ AjyCj dlLj 
LsAjI d^LwLLL ^low^p j_> ^pLls^sJI ^oL>Jl ^3 ^jJLJI d)l Lo-S” .L_*-^L ^^.>0 

^c^bboJ 0^^o»oJl djld«/?ll y^xtj Jd»c_> ^3 4 ^»^j 

^c^LoJl ^*>c-<>Jl 4 j UL (J L>c- 0 ^3 ^vJ?L»Jl (1) ^JjJl CjLJwoLo-j ^3 ^ JjjjJ I j^J dJLl j 
LjJJI S jJl L j^->^ j (Scanning tunneling) ^JjL) I ^-^LJlS” (Scanned-probe) 
^iLdjL .oljJaJ IlSj) LjJJl illcL^I (Atomic force microscopy) 


ai j Ja^cJl jl (Jliil c y ^5ojJl Ja^jJl) <ub (Paradigm) ^JudjL JJa-yg-* <&■ y (#) 

(^1 dj. j -^-d J_)Jj>- ^ j ^.d.o . j i)jd^»tAl 4_i_Ul ^3 ( j_> j-^odl 0 jJjJl (j^ oLsUL^vJl ji>-ljl Li <Lo-L^Jl o jji> O 

Calls’ aiL . L*>- ^o-C-^j S )I I I A3 4j jJao y& j\ • /?£■ I j y±~*& Ja^«j 




~HJ ^-Ljr^ ' 


: jl S > 


t 4j«JJl JlpI ji jJ-p o^-^li J jl 


ajUji ji |»a>wl Laj^ ‘tiJJl ^ jL- j .<jL 51>- jl <u^a^ ioL^j^/1 ^jli^Jl jl 4j«JJl apl ji l^J 


Lid I Jl jLl olS ^ i^U=» J! ^d5 Ferdinand de Saussure j y» y» 

<lp dj. ojL^^LJ L^_^a^sjLwul L»aap oa_g_l o j.5^ ^*<L » yj 3 j-^LaJI ^Jg-p' 

o U>dJa_s/2_a A^vojj o 015 ai j t <jj_ 3 jJl d a-_*_^> 3 yis <J^L>- ./? jj-P oL^jLdl 

4i«JJl { y) la^a^- <LoLdi L)L*-« Lf-aJ t <uLp ^ijL*dl ^JiLaJL <LwU-*Jl ij jJa/J 1 jl jLi*1I a_L*JI Ji 4 
! <ul ^s- jIjLJI _ ^ ^5bJl JflL<»jJl 1 4j o jS ^Ls (<Lo»Jj<JI ol j jdl <lJj) <uLl$' /^5sJj t (ii I 

<J j-v 2 j>-I Lr° t^_9 Li5il-*< I j Lg^»- ^> y>yik\ y* .aJjojj ^0 y^Lo^ (^aJl jtl 

cjC j>x^S\ ^jLj j ^^su <—k*S .da^'yi oa»& < *-aj^ aja^- ^Jl-S ^1L> jjL>1>-J 

laSia j ((Jli> jl Ja_«j jl ^>Ug) ! L^aJ ^_*_oljL) jj jjL^I j»li t_iy*j c lilJj jl .4^oL»Jl 

<*j>-Ldl olj^Vl y* L>j 4j j^>xdL> ^LiJl <. k-S '. jj*> ^ j-^-d 0 ji" *. 4 j y ^sLviiyi 0 jilll 

L^_Jp c^jL*dl c-jjLedl <p y*>^- y& y j^jsJI Ja^»aJl t ^_L*Jl jLlg) i y <uli la^_&^ .<u j^xdL> ^LiU 

jl jJl kjjj i y \JaX£ <t -Aj jJg ajLdl ^ jii&Jl Ja^»jJl .L®> jL>- p-lajj>-l ^jj jjiil y* 

,(^_>- jdi) ^Idl ll ' i j£- y> yS\ *iLljj t y y> <d_oij Lj J ja>- 

1 y*~~° (^--p LJg ^*jLi oj j^aJl o •>.-■>- c <\pLJaJl <uL»p Lil jp ^jalJl (^Hif) 

L)L5b> *)J i-?- jJghll ^0 ^J-^Lxdl L/v^* - y j^~ t> <Lw*_» ^JL*Jj <. j’ ^ j-jJAl j\ liLjJl y « 

.(^>- jdl) a^aJ 3j j^JJ 
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[ ^ J.— ^ ^ -3 J « IN* i«j ^jo «-\-A_0 4„ O J.^N^J J Jl V P lwww^_ J ' 0 

C_-J Lw*> *)! I j\ (3 ^JaJl y> 4_v^U>cJl l^-LP yoJ>x^o C-o; 


dU, Jl 
LloJl 


*- f ° J^-^j i(_$jJLJl ^ 

.<uJjjJl J 

oIp j j_J> J| i> jjUI ‘UlJbJl L^ajl ool t o*)\-p| iulJbJl J| ^iL^Nlj 

oLjLJlj t (Fullerenes) ol_o_J JJl^ ilj^Jl ^y> JLSJL SJ_>J^- 

i Jl jJl J±«J ,_jl <• ( , ) Quantum dots) islijJlj (Nanocomposites) 

i_jL 5UI II L! .J>l£JL SJUJO- Sj ^->-1 j Building blocks JLJl 

J^SotJ 0 JiJl 4 _JjLa5” c oJj JJ l l ^ ygjl >cJ j ^1 j-a I j^JJ 4_LaL*i 3 JL* J j-^ 3 

(Aspect JpLJI olS oUl Ja_^l l^o. /? ^ j-A C ^C_-£ C -»* l - s O J-9 

oLjLJlj t (Nanotubes) OjdLJl i_~jL>SM_; 4Jj j _*_<J| JJL*Jl ( ’“ ^ratios) 


AjjL^s 4^*o>c_a ^AjLv^-^- j. -*-J 4oLLo>c_a j_a ^o 3 6 C*_Lo2-a J t 4^5" 

j^2j>k J ^ (_5- a j ^ 4-os j-*-^1 kULxJlj c 4_o! I gJLS' ^-^o 

-c5^' y' j**Sj ^xJl 4jj-o2-Jlj 4 _o j 1^,^jL^>c-S' 4^jL^2j2J| .sI*jVI ^woj>- 

c ^ jjIjJI LoL<>J L> 4 pLlo2_U <u^L^I y&llLjl ^i_p Lp ^S" ^j 

jj jJaJ y> j-& 4 j jo IjJ I 4 j UclU J-*o V I o_3J-g_)l d) 19 c ^wo->cjJlj olj-wo-oJl kjW 5 y j 
^LwJil <. 4-JL>Jl oL>J yScS\ ^i2_>tj L^_lSCoo &yy>- \j ^1 y 

. LIS' d-Owb>- ^1-O-P f-l^l ^>3 oJj-l> 

olj^Vlj ^1 oU^JgJ VII ^Jl III ^^>3 jJ 

<. I j (. oL j jJlSsJ^/I ! 4_>sLp L>c_>3 ^_3 a_>^jIJ 

.pL^>-VI C 4jj-s^2-Jl oU J C cli-ol5w>Jlj 

^1p ‘lLsL^* o j-^2j ^^LJLoJI oU j III jiJ 

^Jj^I ..kk>^3 ciJL>Jl (Microelectronic) iiLiJl 

l)} .1 ^>L>cJ>-L; A-O j 

OlJ j£L<±S (^ ^>-^1 4j I OL3" jl 4j jj LJ l jjj ^, Jl lj *)} IS" ) 4j^l 

I y, Lj2jI Aij . 4-JU>cJl 4 -o j jJLSsJ^/ I o *)U oJjpI j JjIJo ^k_*j 4-0 j ^x5\J j 


j-o ^ju Oj aJIj! asLo^J OJ A?-jjJ l-C>- 3 j-J-o? SjL> j-o ao> j_^-$Gl aIsajJI (^0 

3jJ_*Jo> <lJL) J>- CLjLp c j^S a.Ij.ai c ^JaJL c oj4 ^5" .oJ-oi-o aaj j-Ia-> L^_o2jto2o»- 

• J^IO o-1a LgJ 

.(^>- jil) b ^ yUJl j _ptll Jjl? Jj a ^L-VI j _p^il J jl? y «a:b = r (aspect ratio)» (iic-iic-) 
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0-v2j>J jJj t Jj jJajJl 

^jj>- a_s C/? L> . ^—ws^aJI Id-A ^3 l ■*./?. ji oL>^Jl a_oLSCs| 

A-oLSCsJ ( j-aljjJL> t Jj>-Ij d)j jJL^JL; ^iJl jjJl l2 j^jlW 

. oLs jl*_J I AjIaJj C A^^JgJc*~<>J 1 _ ol J J \j C ^UJl ^3 L^l.A«.Jgj 

^L^v. Jg-X-^oJ ' A^oJajIAJ ^JL>cJl ^J_aJ| ^1»P aI^L** o jJaj IV 9-y>z]\ ^3 

c (Spintronics) ialjjJl oLQ^^Jb/l oL^L-L Ula Ijlj . ^oLJLoJ I 4j Ij 

^JJcJl AjL A>J ^ j-L*J aX^U^i 0 jJaj *^>cJl ld_A ^JwO>S\j J . ^3 L^Ll^JaJj 

^1 j_oJl j_>jJaJu i3^*^d t (Spinning) >jJjJL> J^_L*jl<>J1 

aL* l^* 1 0 £■ ^^c_J I I w\_A ^ ^ ^ ■«■ -s i J . A,^**»*^c»^«J i X jjJ I A^3^ Lj2»oJ I <i A I b ^ ^ «— 1 1 

• ^ <>-l I j-^> ^3 Owb>sJl AjIa)J| 0 d_A oIa^JaJ ^J-P A_o US 


*^5s_o L5s_^3 j J_^_S" A_^Jg_j 1 ^3 A_>j_>ljJl A_j La)J 1 oLa^Jaj L3^i V £-^J>cJl ( JJL)U_) 

^Jw^ISsj^ j ^Jaj d)l bf I c Ai^lScLa *uJajIS" cLUaS” Lg_Jj jLJL> C Aj ^jljj Ajj ^Swj 

j j.lg.ill oJjyi> lilil i^JLSCwJl (Nanomachined) ^IjlUlj j^SCwJl 

L^jlSbsb A_LslS" oJj j£ — aJUj A^oJajb ^Lo-w%Jlj dli-Sj (. AjJ j5voJl oLoj ^3 


. A^LalSbJl A_oJa_>*)\J 


V L5 3 


j\Zj* 


c° r 




** L^»v^^c_J I 


\j3 ^ 4 uSCol5w>Jl ^Jl jjldlj j j5l^-U aJ-oU^ o jJaj e-y>d\ I J-a yi 

^^JLo->- 1 y>- j-*-> V 9 - y>z^\ .aJ^jLS" SJ_> 4_ilij ‘LoJg.j ' ^3 Lg-LalSlj ^_3 ^jl> 

Ijw? ^~S" ^Jl aJUJ L5 Jl (Hybrid devices) aj^_>^JI oj^-bt! 

L^-j 0 L) ^pwvvj>t^J I I ^ ^*»LsAx>JI 

. t Lj>-jli>- Cl3 

AjwAj>tJLw^ A-o^_>^_3 j 3l^_x>J J jJajJl c.jLw3jj > 

^ t IjwA . VI P^>cJl ^3 (_£ ^jlxJl 

j^xIj j jL^_>cJJ ^jw«l-^Jl ^j-wvJ> cJ (1)1 ^^o-> t ^j-^LJijL 4 _a1_*JL« _^1 

A^JaJ^ (Quantum confinement) j^- 5CJI 3^>Jl a^-I^^j p^>J1 Ijl^j . ^ 3 ^ ^a. J 
(Quantum Confined Inorganic Semiconductor Ajj^a-p^Jl o*>L^j^Jl ^iU^Jl 
oj_^-Vl ^ysj>tLj ^3 .A^J j-ygJl c-A-JM ^5C1 j oljj-dJl ^3 L^JljL^JaJj Systems) 
U^o 1 jj 3 (Self-assembly) ^ylJJl - ^^cdJ jU aj^^^JI 

(. Ajj*./3,)j j^. 5Ul ^L>iCL^'y lj c (LED) a^j j^ygJl idLlil oLsLo-vaJl SpLaS" ^L^jl ^3 

. A»Ja^- t)\J 1 Aj ^vaJl ^1 ^o-^l jl 
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4_> yj < A Ld ^a 4_) j-yfl-xJ I L^Lg-xJl ^3 jaJJLl)! a 

L)Lw2-AJi J (. 4 j jjUI C oU-Jj-JjjjJLS" 4_)^jlJ ^L> £-a ya t— jLygjLS' 

Owb Jj>- ^ J>.^ 1? 3 ^C-O— a 4-O^J^jL]| cIj!j^-LJ! ^3 ^»JJcJl 0^ l cliJ.S lj-P . 4j IjJl 

jJ jJgJ J ^wwO. yg j ^3 0 J_> Li jJg ^_£0 J l 4—J jj j_9 oLiUaJ AS' yLo~a i y]z>\j~Q £-4 

.jl^il oj^i j (Waveguide) i>- y* JJ 3 Sj-^r' 

VII ?-^>cJl c4»dLj>-^/lj 4«oLwOw^5sJl j a-oLj^-^JI ^>3 

4_*_>- 1 a-^gxJl Ij—J . ^j-aLJLoJl Aj ^_J Lj 4_> y^PmJ I ‘LoJg-J ^ 1 <L-*iJJ-A ^_1_P ^uLa L-a 0 jjg_> 

£c_~J ^Jl Jil j_p ojL_p ^ j (Biomimetic) i^j>Jl oL5'L>^<Jl ^LJgJdf 

.aS (Vesicles) ^3 <^_JLpd/lj 4jLJgj 

ol5" j_>c^<Jl 4_*_^-l jjs ^oJL— u C 4jj»^>cJl oL5"L>c^oJl j^LS" e-ULJl 

^3 L^jL^oj L-*— Jg ( Jw2J>c J ^1 ^aI jJaJl ^*-£3 ^Lp d*^ C4 jj—>cJ| 4JoJg-cJl 

c_>JJgJo ^dl c ajjjLJI a^jLoJI 4jLiJ -Lxj>-\ j^j VII pjj>cJl . 4^pLda-yg' 

^L> jj jJgjJ diJ-LS”j C ^j^LJLoJl 4j^j LJ I 4-Ol*JaJl *LoJg->Vl ^3 4^*jLoJ! aS ^J>cJL> 43 J*~a 

. A. L/gJ 1 V^r*” J ^d^' ^uJgj^l J-^23 j j ^ui^d a!Jj>c1w3 Sj^- 1 j 

Ol jJg_>s_> oJ I yj 4jJ->tLwv^3 jlSoL ^a 4_P 4_>j_>ljJl 4 j L ill 1 d L>c-a Uj 

c dl ^3 cj j-g Jg ^gL5L!l 1 -La ^3 ojjd"-U>Jl d Uidl ^a d-UlxAj .‘LpjL-sJL* 
4jLaj_J ( t ~^' ^ ^Col-i->- ^1 (_5-L-P^ .JbJ^Jl L^_*_CL-a^ A5”^-<dl 

*U-UJ1 ^yo cJd-g^jj C ^Iwb^/ lj t iLwOw^^lj ^ j— *i j-a (_£ ^_)LJl 

.oL^JC-a ^Jl dj>“! ^3 0 -Liu d y^jj ^jjdJl Cg L^ Lv2lg*- d/ 1 ^3J-xJLa 
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jlJjj .^_j jLL 
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103 a^LJI *L j^SsJL ^IjJI ^^>j>tiJl 4 . 2 

116 vl^>fl ol^^Jl J^ c > 
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221 oliJaJl 3 . 5 
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226 

227 jJlo jL aj^jLJI U I ! g )l 

ij\ -Vd^J 
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CiLx JUttlUt l ^ 1*1 dluAjJl 

4l]| Jllc diUJl 3 jJLl4 


0 I 3 O^yi^o) ^3 LftjjljjJol iSj^ ^i-*-vwL->Jl oJ_gJ ^-Xii d)l ^ c_^Jaj 
^o-LU L*-oLol LS" jJ>c^a A_3 ^_*-oJl 4_^3 C-*->c-*-v2 1 ^-y2-P ^_3 ^_> ^_*Jl £_£jlJLU Aj^J^I 
ciLLoJl j_>3 (1) jL*jJL> ^JwwvJ-wvJl oJ_a j-jLj ^Lj i ^-iJLiJlj ^ 3 L ygjL3 *)} 1 

3J-p a^-Jj jUs?j ^3 ^JLj L j^Jl ‘toJgj.-oJl j a^jJLJI j ^ jLJl! J-^p 

! Lg-^aj t /> jJ-^Jlj ao j^Jl a*_UL ^ill oLwv^ ^i)lj oL*L~Jl ( /ys 


1428 ^j^ljjJl ^3 jJL*_l<»J1 ^j^_*J 1 4^jiJl ^Ll^JI L)LwJl 

o^>t-Jl 4_*J ^-ft 1) L)lj c a-o j_*Jl a_*_UL> ^LoJLft^l ojj “^"J h ^2007 

^3 Ao j_*Jl A_*_Ul j j.ygJ>- o3jj>-j) ! ^i_> La ^1_P 0*>LaL*_Jl j ^^UJl 

. (1-& jz&J C-o 1 J ^ ^^LpN Ij c cJLvaj^y 1 JjLo j dlJ.} ^3 Loj c JJ^LJI 


^Jl A_0 j_*_*^Jl A-o ^*Jl aSLL^w^JI ^3 ^4»JJLJ1j ^ A^ll? jJl *LoLww*Jl)) ! Loll 

(3^ ^ o l— w o—l 1 . ^^ft A^>t-ol ^JLv*4 A^jJj o jJjtS' ^LoJLp! L$lP ^JLol 

A»jJjjj CA_>^-^>cJl 4»jJLJlj C (j_jLJ 1) j-x.^.ll A-^ft IjJLoJl oLjJLJIj c oLuL^<>^5”j^uJlj 
c 1)1 j_JaJlj g-Lyg-ja-ll j c oLj j)..yg, ll J 1 _v2_j ^ 1 j oL J 1 j c oL« j_L*-oJl 

.A^Jlj C A^jwLiloJl 3l j-oJlj C A3 LL 2 JI j 


^3 *L>- La Lyg-j 1 <_5^ ^ ^ aUI j^p clLL<>Jl oj^L^j ! liJlj 

<r\ j-j| (_5^i iCo ^>1 ^_3 4-0 J-X Jl 4_i_Ul J ^jS' ^jl ^-Jl 

y^yxS 1 wL^p dULJl aJo-L« Lft-Ll_L> 1 


oj_ft . LgJ>-jL>-j aSsJw^^JI ^JJ>-l3 AjlljL>c^ CjL^>- ^ OjL^lJL; 4«J^Jlj ^ j-L*_U 

.*jo j LJo>J 1 

1 aSI^o ^Lp 


AJo*“Lj|^ C JJ (J^^ 1 jt-jLiJl ^-^1 1 4^L<>3 j . j ^J_L*Jo ^^jl_JL**Jl 


, A^oJ_*Jl 4_v^U>cJj t A^jL^JI O-^xSsJl Ao^>- ^ 1) La LgJwaj 
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4_i_Ul OUJJl ^jA <LoJ>- jJL>c-oJl <r\ jj\ 1 ^^J-P J-pL^O Lo-4 

. JlJia ^J»*j ^ tij^' j-*-^ 

4_*^»Ls^Jl^ \^j^Jj>- ^Jl oIj^JI ^yo J5 ^3 <^cS ^i-p 

LwoJLp L*_>- (JjVI l )j-^j C— »j>tj o . ^ ^UJJ 4-jJa jJl 

Lgj>- j-a L«Lp LtxS" ciJliJlj <. L*-*L>- LLS" IjJl o^SCjj <. 4-jJijJl cLLIj ^3 Uj j_*-« 

C J«-P ^ J s* ^ \ jl >LlS" t^iU^ ^Ja_*_> -Lsj c ^.wo-l^-p-li OjLp ^Jl 

l) jJ^Ajj 4^p L* ^J-p 4 _>j J- i^Jl j «l^>c-J| I oLjJjjJI <^sS 4_L^vJw^i 

4-jJllllj ‘L-oJ_*J| <2j L>J Ja-ya. -o-U ^ jJCa ^sLv^j >lx£" v? i>- Lo-S” c Loj>- L txS" 

. ^jJg.yg-oJJ <LL^A^mJ| oJ-& ^3 0wLo3>_oJl 

^LlSsJI (1)j_^j d)l L^_La c i 3^J ^L^jol ^jj>- jJL) j 

^Lp Jw*_i jJ_v 2 -X3 4j|j t Lw^JLp J. ^ -sXo ^o2J^-oJ_j C 4-JJLlII cil_Li ^3 ^JlSvJ I 

(j olj (. o3j Jj>c-^ 4jLs c_^J^L>cj c^>o yA^>-*y 1 Jj-w^ ^ <l)lj 1 2000 

( /jP 4-o^>~ C^-w%wJj ^jlxS'sJl L^j (. (iJl ^xJl 4AUL 4 j jZ^a L^lP ^>-^o ^xll A>c-wvjJl 

^3 ow^j LoLwJaJ LL^-P 4j>t_^_}j > \jL^J I ^j-v^ J~° ^ J ^~ Ij c ^ ^a>-l 

cJtA->“ {jA 4-0 1 ■>./?, L3*y 1 iLwoJjJl 4^Lo-P ^3 2j-£J>- 

.^>jA Jl ^3 (_£ jX>c^Jl o^L>j 

^P ^^J>c^Jl oJ-& jj J w?-j o-Lv^ 4»J^lJ|j ^ J-^P cli-LoJl 4JoJ^s 1)| 
L^jJj_> LS^ 4_o^>- jJlU 4^j^_*J| ‘LoJg-L.oJ i 1)1 t (^^JLSsJl ^jA 

^J^>- ^^J-P J t^lji>-y/lj 4^oJ>-^J| ^3 4 -JLjJI 0 3j3>cJ| 


4j^>c_L]| Lo- 5” cjL>t_>y/! ^lp p^ 


■u^ 




L^_jl_aJol 


diJy-S”j C ‘LoJaJ-o,! 1 ^3 LajL>c_jI ^J-P c_3l I L^_i Ja-oi 4_P 

oj^L^j j-oLo (j j_*_j Lo jJl j a jl*JJ j_) I wL^p dLLoJl 4J0 J^3 ^3 cs 5 ^ j 

. I ^JJl 'w.L'—jJ ' 


-ft 1431 /3 / 20 ^LJI 

j» jl*JJ jjJl J— p dJLUJ! ijJU 

J*>* wj' 
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I 

(J jjlili Q m[ J* A \\ J 4£>\ 

uL^sjjj 

Nanoscale Fabrication 
and Characterization 
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J jVI 


Aj §JUJ! ajjJJI 

N anoli thogr aphy 

' ’‘AfcU 1 * - J - J 

ULaijja i. tULa^-d Mjtala. i jjjj±a£llj AjjLj^U) AuiilgJl ^uiS 

(M) J> -J 

ULaijja t JjS Jjji jLi tLma.jja Axata. t 4 ■ M-li ^ "j j| jaI! >J £• ^ui£ 


Introduction 1.1 

^3 LajJ A >>sTfi\ ViaH" Ajs! ^)C. jiliillj Jaxolill Clll_ujLi3 4jjJaL<i]l J Cllila 

JyiV'i >>" tA_ij j^5Lia]1 Ac- 1 u^i'l ^ Aj-aLk j tL^. ^ aIs Lijlaj "I&jIxjI 

<^JUa aJac. <JjU i-^jl (2.9 ^»S1I jl^jl) (Moore’s law) "jj* jjjli" 
Ajjjljll Ajlilll aIaI^II A-ijI^aVI (3^^ ^jli £a .A_ij CjULJI 

JaliLuiV! C y* A^JL*_a 1 Ij 3 -ijaViH CllljUjj (JL^-a lU-Vn 

(JAaIH] c^ll t a\1 AcAu^H ^3 LilL^, Aa W‘‘u^aH Aj~y i,k\h nil Jj^3 Ajljoi^U 

JliiVt £y*j (j-o cJ1>a' cjsl AqKj c (> ^lc.l (Resolution) Ai lyu J 

^ jJ-imll ^.Ic. ^oLajll £_iJa J A-uISaI Vi ^lill l_i3l ^c. jlliHI u' 


I 1 L. R. Hariott, Department of Electrical and Computer Engineering, University of 
Virginia, Charlottesville, VA. 

II R. Hul, Department of Materials Science and Engineering, University of 
Virginia, Charlottesville, VA. 
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djjoij AjUlij dl_^»il dVt-^-o Aj j£ja (jj^‘u*i 4(_j-aaldll AajE A_il jb 

.Ajj^^JI AjJall dlii3a!ill ^jj A-i^jllll l£dlilJl A aIV^I ^lj ^ did j jjflli j j^JaII ^JjQ SLoJ 

.Aj^jUll Ajliiill Sjjiil (jjaill Aj^jlill Idl^o jjjIII (jli t JUIjj 

.4$\ jaII j a^AHaII aj^jIiII Ual^c. jiliUl Ajl£i ^.lo Jjj^ j-* jlajdj I^a 

iVy^uua J AjjaiI _JJ (Resist) AjlilA* Jll y lo jdu jm\ aljji (Oii-uj 

c^a^)*j I^£a ^j-GjJa .(dU jj! jl dlij^ifllj) Energetic AjjaUa dal jl dljjj^il 

Jja AjjI j aj^ A- jj-jd dl^jjaM ^1*jo 3U AJa^t-all AjuLaaII ojLaII d\_^.LuiA 

dUL^lla ajjIIa (Developing solution) j^idlll J jla-o ^ 4 j jlil* jLji s 

jUjill A-iLla ^j-Q (jjoid jl <jl Ajjd31 dl jj»Ml a.1^1 (j^AJj .Ada^x-All ^AO 

— _IaJ^)ll AJa-ujl^J cIa| dlljj t(Aj^.^A jl ^CaILuj AjljIaa j!^a£ ^^lljdll ^lo )1] jI-aj) 

oi-oil ajj^uI jJI J^3LJ (Scission) j-^a cjjj^ 6° J (Cross-linking) yJLdill 

. A* jLaaII 

jl (Serial) aJIhIa Jjjla jl l_ii1LujIj (Resist) ajljLaaII SjIaJI ^d 

SjIaII ^jj d^jujLiaII AjIj£ 11 jl t ^1 'VIaH ^a .(Parallel) ajjIjIa 

(J^ld IaI .Adjjl jl Adj^jjfllj ^ 3a**)l jJ (jl cAiad a*j 4 Jo Vi AjljLaaII 

JalidVlj Ia| 4AjljLaa11 SjIaII ^Jajoi ^lj Aj-ujLia (IVIask) ^Ija Jad a^jj^-a (Jllia 6(_£jIj1a1I 

(Contact alignment) ^<2^ j2l c-iUk^VL Ujj ^ j^ ^Ud jjo (Projection) 
l-jjUVI ^ .<*jIaa 11 saLJI ^cia^ ^a ^USll (Proximity alignment) J 

.AJaaLoill J o^£^ja]| ^IxjujVI A-aj^. J^* q J ij.W a Eat jo jnlll ^ t ^I'uaH 

^a^j llW<a ^>LqIc. -UaaLaJl AjlJu^U ^_^,^a]1 (J^Iall (j^5La 6^Jj1j!1a]1 l_j^1ujV1 

aJI^ S-d li (Monochromatic) jjlll (j^l IjAx-^a ^>aVI cjlkn cjdlUJI 

.(^j^l aIL^ cs^) Ajld ^ j^Vl ;Aaj^Laj 

(Energetic ions) dli jjI Aia^l jj Ual jc. ^lilll Jxa 1 d ) c j£oj 

Vj lc*l-ja o^ujEaII ajIj£ 11 Ajld iU^'Vi V — ^Jajaill a^jujliAll (Sputtering) Ad^jai^)]! j^* 
j^C- ^^1^)0^11111 lajA'nll |j jVi Idajl .5.1 ojmII Aijj-a jJ ^li^J 1 -a^ cAjuLaa ojLa 

cAjj jda lSc. 1-^111 J^* (J jldill c> ^a (Deposition) 

.Ad jjI j Adjja^ll j 

— j.^x^iaII ^aXJjljlj 1 (JJ^ ^5^ (J j^-VI Aj^jllll Ual JO jlilll dUl2j LaI 

Aiaj-ul jj (Nanoimprinting) ajj^U jSSj dULo ^jAjJaJJj .AxjLaaII SjIaII — ^Idll 
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4<j ja ajuI^c, sjI. _lc. (Master) .ku (Topographical) ^jL^ii 
Aijlj ajjU. 1 CilLL J#j 2_kJ jj (Micro-contact printing) a^IaLII ^2 j 

(jJj <_j-q 4-ixjLo jaaUaia j!>Ualjj c (Elastomer) ^^JaLL-o t— dla ^ 

flail Ul j& Till) (SPM) (Scanning Probe Microscope) L>* ^ 

^JJjIaII (J^A^l j o* 6Au£Lj ^ (Dip-Pen Lithographic) j 
.6.1 ^ CjUlajll Ajlijll oaa ^^ic. ^ 3-a \ j. j .(SPM) 

J La n Liil^C. jlillL Aiajj^)A]l A_1 ujLoiV 1 _jj«alix]| 

ciil iVq’iW j .LuIj (J^yLk 1 g'WllxA ^1 ^oIaJI : (Throughput) A-^UWt 

. A-ATia'I ciil a A_i^.liijl SjIc. 

jl ^)ijuLa 1 g LjaTi ^aJj ^lill ^Jajaj A^Laa l (Field) 

AjahIIIj L Og 11 ^Jajoil A jS^ISjaII La£ 4 (Jllila La'i 

joUill c_fllikx^l A-iLli : (Alignment/Registration) Jja^/Lilikuat 

£-a (JL^-a 4_flliLj«al Lai 4^kVl J AjjouIL -LaJ (jAjJa (FcatUfCS) 

. C1jL^Jjola]I 4_La_i] (LCVC1) (_£jJjoia (_jA«»Ja (J1 

CjL J J) jrl^j cajlc. : (Source Technology) iilSSfl 

aJU. Ajlii^V) (Monochromacity) ^(^l^U) idle. 

ajL*n cl^ Lille. (Stability) 4(JaiLuiA La'i jl ^£^>a 

(J^L Clllj U' C5^) elAjjj^all ^pL-aA ^I'Wl .(^pa^tlill Cj^^) 

^^ic.1 Aj\jluiVI iS^Jr* (jW *■** ^ .^Lia' 1 £A L_1 jLkJJ L 

jj*-a ^Ua cj\Ln ^111 ^ : (Mask Technology) aJUj 

^JaLLall AjtjiuVI ^ (Jilj ^ji Igj'c. Ajtjal I^A . Iiai (j£ ^-iL-adl 

^iiaii ^ Aiiyi ^-aL-allAl (jl .tiilj \ jl 1 g >.<ri\A'\ (jlj 66_^2k^)-a]| 

CIjIaIa jC. 1 J 4 (Stress) aIjj jl t\ n~s aan i n*n ^jl Aaj*_a1I 

. C_Jj)1La1I La l\l 

(Sensitivity) a^L^JI aJI^ J : (Resist Materials) AjuUaJI j! ja!\ 

^(aJIc. Aj^lljj ^glc. 4^jia^)xj]l Aiila ^ja ^jl 4^1) 

A jiVi J^Ua ^ja (j^a 4^^^-liA JHijl 4^1) Jlc. (Contrast) 
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dlllx-a (j±l C A_i]lc. Ajl/u*il ^jJ-alli] iA^.^}^. ^SlipC!*) Aj 3^ (Sllb) 

I Aj-aLk 

^j-a djl^jjaiC- Aju JaJ 4_l]lxJI Ajt£i]l dj|^ ^)C. j!lil]l JaliLuj^l A .all'll L :(Cost) iilfifl 

L_J^lia-a ^jlLui-a £-li3 .liljJ ^»JJ (jl ^ 1 ~n 1 itUlj ^Jj AiL »JaV^ 

<_j-a Clll^jLiLa o^C- A_lj JJl \) A ^ Ac.1 u^all CliLLa^-a c. qK'i \ ^'iji .AajI^-UI A_iLax]l 
t_fij-aUI 4 A ^KMl <_j-a ^ l-iSl^C. j!iil]l ul^ 4Clll^)Vj*^l 

CljLiA^ ^-lUjV "LaJ^La JjJa3l ^A Aj-^UAV^I j AaaljC. jlllll Clj^ jg ^n'i a^A . jLp jl ^ ( _^A j 

.o^iiu-a C1 sI_1a£ (J^ a ^ c ’ 


4 ^ a yA -all ^alijVI ia^V . A_U jS AuSljC-jlU ljUUj AJjliLa 1.1 

^ukU]) j/JLuJL A-Luj j-a j A-ujjj&j 


(jii; 

tSjjU 

AjLuiVI 
Aaa-uiilUl 
Ai ijIalaJI 

EUV 

Aoj^j] 

“UjjjjSlI 

(iii*_|) 

Aaja 

AojjjoSJI 

AjUS) 

(0 j*uiUa 

Ajj^cj 

A jliolj 

10 

30 

30 

50 

20 

100 

(nm) 4jUlu,l 

100 

10 

10 

20 

10 

30 

1 al a U > ^1 

'(nm) 

10 12 

10 11 

s_ 

1 

0 

to 

10 1() 

10 4 

10 10 

Aj^Uj] 
iLoj\^ i JAJ^ 

10 5 

5xl0 7 ? 

10 6 

10 7 

10 6 

10 7 

dll jjVI AiHj 
£ ($) 


<_£ j_UjaUI ^AjJa l al g U , ^ 

.^jliLajVi AjUu ^oLull AjLujfii LJijI IWiiil Ua . diljlaj S^*J la^, aJoju^o ( l ^ j ) 

Aju2^\£. ^l^VnuVl t. <aj\K‘i (illj ^jjojJslu V |jj tAallaJ! AjlaUI dilj SUSli A_ijj^)fl!i]| A 3 KM' 

.^-iL-saall ^ A_iC.Ua A,^p <jj£j (j' (J^aj 


CUllA^l Jal £-A ljUrt 1 A-ajl ^-a jj£I (_J-A Jljilll ^^-lc. Aa^^C* JA aM UjUlSall 

CUL^Loia] Ajjl xAVM <.“ Uj.nl Ig *K' J c(a_i1^j 1 " )\ ‘qnW i o^c. j! Ajljj-a jl .iJjj 4^1) AlJa 

.^■iiij^n ^ ji tA_Jic. A-^i^y 4^£i 
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diljYqMl A_iud2\_j a^ytcl a ^11 C1sI_9j-2I 2-° AjAxJI 1 . 1 2^)22 

.A_2 jVl A_i3l_jc. jj21I 

^jLi-A L *Q u«o jj 2.1 a^)l2l ^aJJ L_fl jjai IIa <ja Ia A_iij 12 

dal^nlaJ L ~ < a>^~aj 3.1 a^)ii2l ^9 ^aJJ l_Sj-ujj .AjtisVlj AjuLaaH 2_ja]I £-g 4 )a n^)A A-alc. 
4(ET_TV) o.\)» 21 A_i^_u2i21 (jjS AjuIVIj cA_i^-uiii2l AjA^\ 6(_^l) Aj^)A*a21 La3l^)C. jllll 

A-q^^ Liaise. J ± 2 CjUZ l q>-oj ^ajj c sjajj 4.1 S^all ^9j 4^A .n u21 j 

4AjI^_ 21 . ClAjjjVl A-aJ>^. jj2 CjUIsj l <a^j 5.1 a^ill ^ ; v'n»i j 

.121 jc. jiiiill djLijij (j-Q a^yjl2l djVl-aJI j ^*1221 *6.1 S^ill <^9 ^jiiuj 

AxSsSMj AjuLaa^I • *U& a\' ( j^ ljUUj 2.1 

Cross-cutting technologies: resists and masks 

2^-21 :aj^j12I a_i9| JA\\ Ajll2l ^3a» a\ a_L^ 2I dill aj112I ^a c21ja 

A_L-i2l dill A. IujLujVI ^iAIA-21 ^9 ^)la2l ajlcl a^)l2l alA ^9 ^aJ .Ax_2VIj Ajl^LaaII 

.AjIIj jj 

Resist materials 5 juUJ) j .2.1 

AjuLaa a^Lo ^al.W'nl J^nlaj $..^21 ^ ^!ii 4A_i3l^)C. jj21I C1j\ iIajt.W a ^ 

(Ja*j .^iaJ ^ 21 4_nj (Patterned) A I^aa Axil ^,w"n/i ^ .ajj^j ^Ic. ^,^^2 ^ 

<]LU ^ a 1 a ^al . W'nl ^j£aj • (jilill^-A j ^mjojLuj! (jdsj^laj Aj t2uV I a 1 a 

a2j 13 jl ajIIVI cJ^*- 0 ^ 2*ryH*) c l jj2UJI Ii2£ . 1a _ j \ »«aVi jl aj^>a2 ^21 (Jjol^LuII 

^2 C5^ ajljLa- 21 a^L2l 1 g a ^jc. ^'LsljJu^U \* 2j-21 ^jljjl 

^U-xlVl AiUa ^oLau^ t (Positive tone) jaII ^1221 aA^ 'AA j .^U2£U 
ja2 j21 u2^ ‘21,2 a . 4 ^)jaj1^2] aj^j!2I <j2j-2I 22a1 

jja2 j 2I ^laLiA All 2] (J^ajjoj 4 ^t2L j . ^2a2l AjLj jl A_2 j13 Ajl9I ^ j 

£jU2t A_2aC. aJU. • ^^C-LxjoiVI ^jia^)*2l ^xj ^Ja-21 AJa-ujI^J ^Ixjoi^U Ax-JaLiJl 

4^jj2^3^ ^21^ aJj^-a ^)Jaj1^2] ^^2l_i ta <a21 (Jj^a A^Ua 4L_2L2I 

^kjj ^Ix-uj^U AjtjJaLiJI ^lldl 1 ^£a . J^aII ^9 Ailjjl aJLIS 

^aJ C1 j12ax 1I a 1 a . ^JslaII Aia-ujI^J 2^2^ ^t/iVi ^2 (^ 5 - 2 ^ CS^ 

.1.1 c£ 2U! Ja jj 
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Ajtjui V i 



. AolLuiil j Aaaja]| AjuIaaII jI j-a 11 C5 Jajkkj ^uj 1.1 JLuJI 

t Aj^)*«nj o^C. ^c_A.ij <jl Liil ^)C- jjaI] AjuLa-aII jl ^-a1! LS^" { '- 

<■ *n ^c- Dj^li (jj£j J Ig j'c cAjI.Ij .SJuLg (jj^j ^^£1 AjjIj'aC j AjfLijl^iA j cA_ajI_iaj£ j 
^-Ix-uj^U A_iLxkV A_illc AjjI jaj^ AjI Vuxil t^lc cJ^jolj tiiilj L_illaJjj t AjI i*uj.iV 1 A_illc ^)J Jk - £a 

jl j tig in Lua a_JIc. (Contrasts) c^Lblij jI j-aSI olgJ jL JlLj .Jjlj5l 

t.Ljaill ^Uj J (Thresholding function) ^ aII^S Ja*j l$J ja U jjfc 
(sharpen) ‘w 2n ^jl 1 g ~^aj A-illc axjLaa SjLa i», j ^a j . JnjAnll cIjLa ^1*_a] 
A_±^. yA AjJa^iiA AxjLaa SjLaI AjI Vunl ^ Wia 2.1 (jAJJj ^)AC JalLujj In a 1 

^xj AjiiiAli AjuLaaII ojLaII A^Lajuj ^sja^j 1-fjl-iJ tA_iaj 

O^j .(Semi-log scale) g-Ajjl^ jl ^^Jc Ac. ^jJa ^)jg In* ill j 

Ac. c3^ c cj^J * £ LS^ t AjJai^-iAll dllc. ^)^JI AJU. ^^3 Ail A Jn^^La 

All jj ^ajj Ac.^)^. £_a Ixj_jau ^j^aljjllj a£Laau 1I tA_iilxll 

(Slope) j) .(Cleaning dose) (aL>>) iikia a^ ^c ajuLaJI sjIaB 


. jkx^a AA^all liilj yic- j A m <a Ajjc. A m a aJIj Ijj 1 AajsII ji.lj aIIj A_m*JI aJ!^ 
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(j] .y cAaIIaaII ScLdl (jjlii 


^j-o lAA ^ajj_jlc. j\ 


£• Jjja jll ^aCc. ^ja 1 X>1> j cdAj jl ‘CkUjjStyl jl cClAjjJ jill ^al.W'nAj Cl ljl£ ^j] 

< sj-uj cA-olx. .AJaLuiAll ^9 (Edge slope) a^JI (Jja ^1 (ajLaJdl) 

Jj.wll £-a A_ijtg_i]l ^cL<ui] AjUJ ^lc-1 C5^l S^IaH ^IxJI 

^aII Ajjaiillj y =2 (j-o A_i11!1a]| AaILaaII cI^aII ^jjLii ^ j jaj • 

ajuUaII JjaB J\ 15 c > ^1 J] (PMMA S^uns) ^1 ajaJ£]I a^UaII 
c$' ‘Shipley UV Av>^qn\l jja cr Li a, L»US ) UIiajS (Amplified) 

. aIaK’UII cJjU! A^-Lix-a ^^9 Aa^-VChaII (UV-6 
<Laj£UI AjjIjaJ^H j A^iyii LgJ (jl 1 *..^jl AaCLaa]! cI^aII CS^" 

c^jjaa ^jIIiaL JaAJ AjJ-aaM AjuLaaII cI^aII ^al , W"n*il <_j£aj .a1^.V CIjIjIaC. ^9 ^a, W’nli 
^jjxa ^ j^Aj ^ a£UxJI cxl^ (_^l ^1 tdAj^jl 

Sja^a ch^\ L_ilc-I ^.a j 1 a^ aa^a a^U. -Aspect ratio- (a-^IJI a^ouII) 

.AjuLaaII oJIa]I ^LaaI AS9I^)a]I CIjI Ij 



Z±*\\ ^9 

Aala^l! (^Jc. AjuLfl^aJI 


‘'mi. 


JalAuiVt kU4 « swi jjUa Cili ItJaji AjuLu SjIa] ^yul LII ^ *■**»'' (i) 2-1 JLuJI 
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I m *3 ^ aj.s-1 1 g'n il ia f\ ^Jj A um 3L AjljIaaII A I ^a^ <> Q ih^'i (j^ A ) 

ajuLuJI aI ja II ^uulUa .LuLajS aa^ksm j (Conventional) J^A? AddaA 

Aa^I-aa]! jI^aII Lni c^jI_iaj£ (Jc-lij ^lj o^joiLia ^LdoVI Aslia (Jj>Vn t AjAjVqMI 

(Intermediary catalytic) ^ d> ^ iS A ^ j cUjLiajS A a*nj>>ia1I 

. _jj$ 3a 31 cJ^j SaIc. JjLaii) 

Polymethylmethacralate ) l^j^IIiaIA^ jj ajuIaaII oaU c’iaaViJ a £1 
^k (JaxII ^uLujI dill j Ia j Adi ^ja jp£! Ajjjlill Lai jc. Jlilll ^k (PM1VIA. 

L_b-all aIsjaI^j Ig q nla'i (_j£aj c_i^ ^a £jUa dll j A-jAikj AjuLaa SaIa l^jl . dll ^)ddAll ^ja AjAaII 

(IPA) J^jjjjjjVI Jj^ c> ^lAddL U ^nj (Spin casting) JjiL 
sIa .(MIBK) Methyl - isobutyl- ketone oJkA Jjjj^jjjVI JAiaj 

J! ^500 K d° ilddj AjlijaJI (jlJjVl d* aac. ^ (PMMA) du j^l£l rn a fm a j \ jA\ 

y < 3 ) (d aidlA (jjlij SaIaII 0 A 3 J ^jjjll -IaujjIa £a Jjililj (1000 K 

jl ^^-^.jAaiill ^jdall c. ^ nVuj,n ^31 Al ^ a! 1 (d$ A*ill Jajd^j AjIaxII AxjiJa ^Ic. IaIajc.1 

.dllijdll jl cdlijjmi jl t Ad u 31 Aajol)U 
Aj3 a1aI£13I CIiI^IaII A£-Lda ^3 LalAdiujI d^VI AajIaaII SaIaII d] 

0 i£j|j 3 jaII fi^A ^dddj .(DNQ) Diazonapthoquinones jjjiAJuh j jliAll 
J <KOH Jd ^ 1 * ^a&IS j^-La SaL. c_i jii (ci^V) (Novalac resin) cilVU j3l 
Id^da ^jja 3I (TMAH) juLdjj^iA ^^iijaI LA.^Id^ ‘NaOH 

0 dj|j ^3^31 ls* PAC lU*a. .(Photoactive compound PAC ) 

(jLj^H cJ3^ j^a** k ^lj (PAC) cl ) 4^Ltjai^U ^a^pCill Aic. .cilVI-Sdll 

^JLa ^jAa^)*j ^lj LL^I tillj L_lilaJJj . d^-lallll (J Jd Ada^jJtAll diaLlAll L^aLui 

(d^^yUI ^jAa jdl' .a Aadu j J LLiSklj . ^y^} ^jk ^-jda ^ 100 Ydi/CYT^ dllej^J 

Cd 10%) d^ ^ Aa yd jlddl S 1 UjjVi ^SA (AjAd^ A^Jtx- 0 ) d^ll 

(Standing a is jIaII dL^. _^dl ( — j ld^^ d* x -^ a ' 1 d^-^Lll PAC (^ aja.i.11 

LdlAj c l 5 ^) A-i^jaidll (_3A dilc-Luoi^U dad-31 A-dn ^d^VI AaJI ^11 waves) 
axAIaaII aI jaII dd j Iaa .(ajIjII » j.da\l ^ oj^jll dLuAddVI (Interfering) 
^LldujVI AAdiij .(y - 6 ) Vajxa Idld ^Ailj t A.Jaj^ij idaAj Lnd A^-d 

(I- Jad A.j>^q\i\l (jja Ajid^H dj*3' ^IddAl Aio (Spatial resolution) ALldaill 
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dAjLaxll j jIjaII oaa ^.w'luii .350 nm s.iwa a_i^.ja l) 1 ^dl dc. line) 

Aid. ^k Lujjj cAjjjlill S jg_^.Vl <c. 1_L-£3 djLLalxk-Q ©jjj^II ^ ILd! ^k A^adll 

. 4 Q jj ~ n. ^ ^ j j ]— » ^ 1 ^ ‘‘i -v \ 1 ^ aJ43 4 Q > \ \ 


(Backbone) Cijia kLl^ (CAR) l ijLixu£ 4 >.>»-* 11 AjuLoa]! 2)1 jaII ^,1-s'iun i j 

(Dissolution inhibitor) jdjdl <J! tAldJI oaa j£lj aj j^aJ jj 

.(TMAH s^lc. ^ j) (Aqueous base) AdUll s^lill ajIju jjo Ig-dJ 
do J) J (Photo acid generator PAG) ^ jda j^a^ ja 
Aj£ 1 t jjaj Ij-iil _jjg.1V ill j^ajl ^~n All 3 3^J (PAG) C_i£ja11 jjx J Vj .^duj^U Adajxj 
Catalytic ) Ajjd AiLjlaj jdjdl ^xjLa die, ja-n a ^a dE jc. Idajo 

1 j^. j^aA^Jl j^, j (J» >j j Ia£ 6 jljjlll jjajI jill dE c i (fashion 

^ad tAdjlall o3A ^^3 .AjIAa 1 g la ^ j q jjajI jill Ajjiiall ^LoiLaill ^.^lo (_£ jdl £31 ja A^JLxa 

l_i£ja]1 ^k 3dj Idj^. U* dEj (®J^ 100 ^1 j^. AjL* 1) ^jA. jj Vi 

.Ajj^dl <LiLJ O £31 jaII ja 3j3*J1 £a dc-Edl Aj£aj (PAG) 


jdjdill Aju!^ A-illxll \.g ‘j x j>i\. a y ihj.ii Ajldll ^3 (CAR) 3l jaII d ijdkl dl 

Deep Ultra Violet X = 248 nm) jamII j ^ (~ 5 mJ/cm 2 ) 

1^, jjlfj jljj] ^1] IdaJ 31 ja]1 o 3A yjjd A^lxll 1 g **i j x xi\ Ailda^/Ej . (DUV 

dl j!a« 1 1^. Aaj^Ia Ig 1 x ~nj Ia (15 jl 14 ^1] l^ljj-aj 4 _i}1£a1 £a y > 10) 

Idl jo jdl ^3 jaV 1 j tAjjx-aJl Idl jOjdlll ^3 jjjax^j £a Ajjjlill Idl jo jliM 

. dlj j jj£1V I 4_a 


Mask technologies 


Aju&! ^jIS 2 . v . 2.1 


^gic- ciilj dLoLl ^aJ i^l_j3 ^Ic. Ijj^jA la a "ill ^Ad jxVall Idl jC. jdlll ^3 

A_ujl_i3 jxiaj ^-ld]l ,1a a ill (_>Aj 3 jj^-} diVl-dl jiaatJ ^3 .^LiIIjja dLidc. d^ld a jd jll 

dljA JJJA^V jl ^-Jjl ^Idll JaAJ J^ld i^JJ^.1 dsVl^. ^^3 Idd i6 jj£j]l ^glc- ^jI^jSI 

jl (Reduction) cJl jidl Adjla ^al A-dud dc-lda ^aJjj .^plgdl ,1a a ill ^3 <jajl_i3 jo jdl 
AjtdVl Idl jc. jd] ^ Idajl AjtdVl ^1-v-jCixxl ^Lj .ojjx^ill (De-magnified) jd-^d 

AlaLaiAll dlj JJ^IVI c(EUV) a,\)» ill A.j^xxriVijll (Jj3 AjlxxiVIj t (X-Rays) AdiuJl 

^■W'lxV'i jl jJajidj .ljd£ l.gJi.i-1 IajS 3l ja! 1 c_fl^dkl ja ^djIU tdljjjVl Aaj^.j c(EPL) 
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^1\"u lt i") LiSl^jC- jjjIII (j-o 33-^-^Vl IaLv.:) 111 Aj*A 3I A_iliuill AjlajjVI Usl^c . JlA 

.AjuiiVl £i>-a (Jj^-ujJ A jx . J A-cAiJrall L-Ujaill j .AJja^ill A^UJall Lille, 

a jjx^all ^ t<-_l j2*Jl 1 g ~^x>) <ja j Ail£ ^LuiiiujVl A_i1aC. (J^yLk ^aJJ t iA13a£ 

\-g_ujl_l3 IaK aJI^V^ ^^3 Aj j>* x^-a lAAc. (jj£j (3 C5^l t “T J J^* - ^ 3^ J J .Ajjl^jll 

^aJJ g.1 3-iW^I }a~v <jl ®3 ^ -q AjiA 3^/I AJaj-ul^J AJjlLJI Ax.1. llallj . ^jiu-al 

. A-C.lija.ll 3^ \g x>-^. ^ (Jl j!lkl 1-Ja.jl 


jjjI j£ <ja jl A_i^.L^} &3^J O- 0 AjaUI A_iJ ja>i 11 Ajtj^Vi (J^aaiTi 
^jjj .^.jjJall A_x-aLo SaLa^ (Cl*) (j-Q 100 11111 80 Aj')oa ^ Jj 

3^V1 ^aj^)£3l cjSJj tM0Si2 &3 _a£ A_x-£al_A Al ^A ^I.IVuaiI (jLi^Vl 1 ^3 

3-1 A U ^aJ A_XjIaa3I SaLaIIj ^ Qj3Vl ^Ijs) ^aj^)£llj oLo1X^a]| ^-1^]! £^Ua ^aJJ . Ic-jJjo) 

A_a3^ ^.W*UaU A_c.Li!a ^Llaj ^jc. . ^Jjl JaLajl a3^a A_3ajuj|^J (PctttCmCCl) 

^)3jJj . Ic-jJjoi 3^ (jVl i** u*ol LS^" Ax-Lilall A a3-i ' ll (jl V] 6 A-ij 

AiKSI j A u3-i tll A£.^jjoi]| L-j\,aa)^ A-illc. AJl uaaiIj 3-ijaVi o^ia ^1*-a 131 CliVl 

L-IXuIaII ^lx_ial]l £3^A A_ia 1 3-lYtl ^aAC- c-Ua^V A _1 ^»3^ ^ aWj! £jJa^jj .A_&U A_i3lx3l 

^jc. J ^LxjaAl AW AA1 QC. 

A_ al£ 3^J ^^-^l _j3^^ ^JLaIx-aSI A-C.1 d3-ill A a3Vi! A_i^lj ^)A 

1 g IJaaiVi ^aJ Ail ^^A A aJo'i! Ajl {lAAil ^j!Lal A (jj-^ (j-Q 1 g '^1 J cAj^IaaIIj 

djlj 3-J^ u' -J-3^W h^ia\ 1 Ajtj^V^ ^-a^)Ia (Jaajj .o^ikVl Clal^lui]! ^3 

V £ ja>i 11 ^jl A qjq*\ jj L^jlS^a A_ia\ Ink'll ^a^C. A_i^li ^ja (Jsl g.U-a^l j ^aJtil L_ljl^^ 
.^A-uLuj Cll3 j\\ (_)Aiaj is^J *^3^ C5^ A Atijl-nxAj^)^ dlVl^-o A-La-ujl^J 


JaAill ^3 i"*. fl3aj]l" ^glc. AjuLaaII SjIaII ^^3 3-ia l\l ^aJJ LaAIc. 

oJU^. S3;1A L_Lla^)ll ^gjljAj^H ^JaIJaViW .(Cr) A qil-ll L_l]a^J ^jljAj^ J*)JaTi A 3-1 a All 

Ajajaai^ L-JjjC. ^3] SAC-LaaaII 3^-^ ^33^J ^-3 AAiJaj A_i1a*j J^ilaJj l^j a ai \ A_jIj 

Aj\aC. q\ A^i^'i ^3 ^jSl i^yi IX-Lll] ^.ujLiajV^ ^ jl A dll * L1A-11 . 0 ^ J JiJI 

AlfU (Undercutting) o^a Uj ajs (Anisotropy) ^.li^UI 

J£Aj V I*n^; Silla ^oXail (Aspect ratio) AJtld' jj£i iaaJI (j^aJ J .^Jj£]| 
a£Luoij JjSj t( Wafer) Aatajll ^e. 200 nm a£Ui^j 7-^X2 AA2) Aj^a. U£X Ali 
Lm 80 nm Jlja. sale- ^jj$1\ a^Luoij (aJ jUaXI Acldall 1:4) ^421 Jc. 800 nm 
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(_J^-aJ (_£A31j 10% fi^l-lLa ^^.lixdl (J^a'dl A^. ^Jjj ‘0. 1 (j-Q A_iC.lj Ajjolj (_£AjJ 

L_J jJC- ciCXlal Jj JxaJ tillj £A 1 g iSlj c jlum5l CllLiLaC. ^)j^iaj ^aJ Aa3 oAIc. 

.(IC) AlaKlJl cIiIjIaII ac.1 h^i Ajjc-^-a ^jjc. ^)iixj Aali^ll ^a 


*Ua^Vl (Inspection) ^U-a ^ ^*iaVl a^U^» ^ Sj^VI CjI jlaaJI 

^jl_lJJ j A^LuiLa JjlaLLa ^-»-a <i^ULaj Ij^o^aJ A-jJj)*^all A * '\°^$ I ^Cjjlx-a ^aJJ j . 1 g a\a^_j 

Database ) ciA-a^ix-a sac. la ^ja A-ijLij ^lidl Ai^liLij jl ^ciAaj^a 

c> ^ (150 x 150 mm) JjuL ^US ^1 ^-nx-aS A-d^ j^j -(Models 

J* Alila Aijj^}ia Laj ^al AVkhIj L-JjJxJl &AA ^A^jlj . (Jal jl 10 lg-3ajaij!La ^Ajj L r 3 _9^ x ^ 

l-jjjxJI yijl .sj£^a ciAjjj! A-ajp. ^^ic. <nia jl (laser based) jjd31 

(Ablation) ajjViIIj (^i» ^) & j>*^all Ja^Lo ^1 ^-g ^ic- Sa^^ ^- dl 

^j^odl) S j£^)-a (Ga) ^ jdlc CjU ijjI A-a^ 2 *J A_Au^)jai^)3l AJaxd jl t(ljU*n L_J jJxlS) 

1 g Alda SaIc ls^-3 ‘(Clear Adidl) SA^^iLLdl A_*_aLdl L-jjjixll ^dlxjj . (IVIilling 

Alaxul jl t ( C* iVuiixa (j jjI jl L-Ujoi^jj 4_!ajuj! c ^xi-a^jdl A \x *s~i 

AjA^. ^j-o aIxj c^lidl CIjLaxq^jj ^aLail Axj . Cial j3a**dl oAAxLa A_ix^Ja^a A_ial jfc . jjd A_iLaC 
L QjJVn AjAic ^aJJ tA_djjJa]l Axia^l ^A] Ajjaidljj . L_J jjxAI (j-a (JLk Ail <j-a A^ldl Aldjlx-a 

£ IdiC ^}C 6 jUc. .(Pellicle) S ^ILJu (Sealed) g-USlt 

^l.^VuxiVl j Ijla .(<^_^. Aa Ixj) ^Jajuj ^j-a CIjI ^jli-ad-a o^C. .^"i n L_flli-uj 

^^jj-all ^ 3a o*i 11 C— Co^JjjdS j l ^\j& A_iij t-o A^iS J 

Cu*nl L_J j;i*Jl Clljl£ LdUa dg*ic.lda ^aJJ V ^lldljj iic-Lilall aJV ((JL^-dl ^3^^) 

jjt ‘Ajal^-a Ajjj-aJ A^j.wll A^al ^)C. jlilll Ajladl ^j-a ^J^xll c^lh^j V J 

.J^ldalll Aic- A K111 ,a c. ^ i Ui.i"i 


‘(EPL) A-ijj^J^lVl A_a^)^J 1 JalLujj CliLiil jt. jjJ Axial Aji.U. lx>ijl cdliA 
tdiVl^Jl (j-o . Ajnoolll AxdoVl J ‘(EUV) S.n». ill A_l^jaliiJl (jj3 AxduVl J 

djl^aill ^3 1 g qjo*a jj -t'nooi ii _^dl A-iJjjJall AjtiaVl ^3 A^a.lVuoixtll ciiL ^jc. j! ^-dl C dj Vi 

(J£ ^.ia .AjJjjJall AxiaVl a£ > ldl Clil^iA-dl (_)^x } £-a Axia^l ^^-lj .Adtdl 

^J^aj t^Jjl Ja-aj A 3a x oil \ g 3aj < aVl ^aJJ ^aJ cAxjLa-dl SiLdlj Aj^j <i^L]a ^aJJ tAjL^ 

^j^Ij 4il ^-dl ^a Cljlajjdl A-njVi (JjA-alidl c. . 1 g Jj tSlli dgVijlx^a ^ 

^ijooi La£ cA^jjJall Axia^l A-C.1 u^a ^^a A_a, W’u^.i.all all'll A_^jldLa Cljl_lLax31 

. (Jj^adl 1 AA £y a Aa^$ dil ^)la ^^a AAu-a jj 
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jjjjiJl 4, j nail Lai jfrjiuUl CiL.iAj 3.1 

Photon- based nanolithography techniques 

(<_j! jjaVL) 4 -a^HLLj (jjjLLiL Ajj^aJl ^cLkll . 1 . 3.1 
Contact and proximity optical printing 


AjtjoiVI jl i(EUV) SAixjII Li.a'ii'l cl 4 4_i^uiiii]l Jjja) Cllljjjjall 

4 r-1 *w ^|\1 j^j^aSLlla ^_9l ^ y~''jlll ia-Umil _]i j\ i"'.-sV 1 ^4_llljai]l 

Liil jc- yijll (jjjJaall ^A\ j tLjjjj^ll j^fLiLall 

\ ? 4 (~- l ^ 1— % \\ A_1ujLujI Ajj\j LiSl ^C. ^Lill A_Luijllj . Aj^jIaII 

^ .(Projection) -LU^yijj ^(Proximity) a-g^IIgILj ^(Contact) 

SjLaSVj AjU-l^all S jj£^)ll £-g ^jjojLia \a (Jjj-g^Ij ^3 ^aJJ t^uLojllj 

jjV ^ (3^3 Aia-ujI^J ~s"ix> (J f\ j>aMI o^.Ljaj ^aJJ ^aJ j)-G . AxjLg-gII 

Ajlxi* \l _>* (J V 3 l-^A .lie. A.ixa\ ^)j£l 

VI .IV (Spatial resolution) a-V^ a^V 3 ' J) u' oV>j 4 '*^ 
jxj il .(Defectivity) ^ jV' j lV^I ^ A^Ukil AnLi'l jl 

^_lc. 4_ijjjJall AxjLg-gII SjLgII IjliL (j-^i* 1 fij^^l j)C. ^-Ij^ll (Jj^a3 (_£.l]j t (_jia^)xli]| 

£-0 (_)Jd-G^ljJ jjl (j-G ^liii]l £_1 gJ (jl (_£^)^,l (Jjjl33^ ^)lax]| dll A Ui.I'nI (j^S^Q ) .£'ljii]| 

(jl t AjlfuAiVI J c^l-g^LgII ^ ^^3 ^jjjj (jl uV I- 0 - 0 l g (J-gI£ ^Jc. A ‘m il 

Ajljoi^U (_^a^)xj AjI^gC. .Ixj Axj 3VI i ‘ajlVn (jl Lg£ .(^Vafer) A3li^)il ^)L-u£jlj c. ^ luan 

(JliJl <ilj£ i«_njaiJj cl^Aj .^-Ijill ^-g!>Lg Ajc.^j (j>»jqV^ ^Jl AjI^I (jl 

A^Llil (j-G c" n‘qj Ig 6A1 gI£ 1<J! dil^jl^ll Ax-Lli-a ^^3 ^■ISum’i (^LgjIIj Ac. I t iJ-all ^xj 

. cjU-gUJI ajj/K^gII cjUjVI (V Ic-jjjui J^VI aj'^qx'I 

cAIL^JI .A-g^IIgIL Ac-LiLall ^)jjLgj]I_j Ac.\ y\\ \,\ ua 1 L-l^VI Ac-LiLall 

(Jl^JI (J-gISug jl a ^ OVi .^-Ijillj A3l3^)ll j)^ o^jjiu-a (Gapj ^.jJ 

(jlj ^ g,Vn Ac. I V II ^^3 CliV jI^^qII <g cIjI^qC. .^uLgjIIj Ac-LiLall ( x-g AS3I^)!Lg]| 

.(^^kl L-lLlioiV jI t A }-> A AiXiW jjl^^)llj t Clll < Gj^i'^ll I> ^ 1 Lai A-g^IHaILj Ac.Liia 

^-g^LgIIj jjJall 3 jj^kl A >jYi o^j.W^g A-g^.I!Lg]1j <cl_iLa^ AjjLjJaall Aj\ , TuaVI (jj£jj I^A 
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( Diffraction patterns) j jj=JI -LlJ jjSd »4 a ^ ^-k- kc. _j±kdl 

j) .(Fresnel diffraction) Jjjji J (Near- field) 

: jJti Ajc-Llla ^-dd jJLua VI J ^IxJI ^Ldll 


w„ 




(1.1) 


a ^^^A g j tAaSLoAl (J^la A- J 1 ^V m j 

i^Jik .a ^VAl Ajjj^Aall aA& £_£jLola .1^.1 (_ja j ^j±i 

C n^-k .1 £jJaj 1 tar ks\ QjfLj (jl (_j^aJj ta^jj* ^la^ Ia A_cA jJ-il 1^. ^jjat ajlc« a j)>^^ 

ajlcA (_j£aj ^^All 0dlmll ^L^-jV 4 ~()» 11 (3^ a^ixj-all a ^}jjIj 3 ^Ac. ^j^aj 

^ia^IaII jl ^^A A_a^.II1a]Ijj ^jjLojIIj <c-LiLa]l AjjujLujVI 4 , UjuAI . 1 g -suii 

Qj£j L—iic-l .AjjL^-ill a^jj-all ^Ac- j ^-liii]l ^Ac. ^Ull <c. 

C* 1 Vq\ 1 4r . \ 4^Aa^ 4^0' a^^^^A V *\1 fi. pt jSH (Parameters) olk^ ^ j SjU^VI 

.l^Ali -1 ^-j A-C-Lilall ajj^iuJ A-idlj^jja C1 AjJj,Wa jl j jj^AI 4 ~>j"n ^A Laa 


4 _ujLuiV 1 fclilj.iaullj ^jAILJI LU LujVIj Ax-Ulall .u. 3.1 


Projection optical printing fundamental concept and 
challenges 


Ajjj^la ^A 1 j ClA qjj AV*A1 IaI . W"n A c AAiAl^A^ 

<C.LiLa]l ^j£aJ .^L-J.2.1 (J^joAI .^dAalLujVl Ax-LlLallj A_JJ j-Jall l_i3l^)C. j!iii]l 

djl^)l^]l Ax.1 \>.s-i ^3 .a^J^^)ll ^ja a^)jj-all ksi") (jj^J jl £a A^lalL-oVl 

L-UjoAI . Clll^}A (JAA^. jl £J^)I ^1 a^Jj)i>.>oll is-i") C-licA ^3 ^aJJ 4 4 _IaI£1a]I 

A^-LiLall 4 _iAaxj <L-£3 (j-Q Ajtj3^^ ^ qK*^ ClAdilaliA ij^Vt ^3 

^al . W'u^il ^AjJ . Via Ajtj3^/^ a^Ljaj cAALalLuj^^ Ax-LlLall ^aJJ .L^jIA 

^ajj .<xjLaa]| a^l-Allj A AA^a\ 1 a^jj^^)]! ^Jajuj <^\Ssll a^)jj-a (Jj^jolA 

.IjI^aIIj djLai^AI ^ij j\ cLA^)-gj tdjLuj^c. ^ A^'tj tiilA 

a^A t a^)AlAa A -njVi a^j^a-A 1 Aj\ {u^Vl ;LlA tii]A£j 

JaSLuAI (J^Aall ^ja j AiLuiAll t^AL^Al 
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a jja. jl (Far-Field) aa^JI — Jla-dl .k*j ^laiiJ Jl j&. ii La (0.5 m ja. sale.) 
H.uaill JjkLlI Jaai iaL a_L^j (Fraunhoffer Diffraction) ja j$jjl ja 

? a 

(Rayleigh criterion) ^Ll j jU*-* ja ajUl^VI SjIc. ^Vinii ^ill 


(JL^-aIIj j £CJJJ . L_J j£_uilill A J-lfcril ^ ^^-^1 JJjaAi ^ J Jj^dl ^^Jjl J 3jj] (Jj'Vi (jA 
Ja-aj oAajo (^Liill ^gic. 4 J-i<D AjI A_iA 1^)11 LiilL^. ^3 jl jllla ^j) ^ ^q'i Aixdl 

6 « 1 ujj J.W a ^pa^)C.j ^3 oJbai aJI^H .(Airy disk) A-iJjjJa Ajl£jj A fiAA 


J^xa aJJ .AjJ£ jaII ^AlaxSI S-luall (jc. jlacLVI ^ 4 C- (j-^lllj Clll jl jjAl 

(jjA^ ill ^ aJ^x 11 o^jjdll Clalj A JVq'ill l” n^kj L_j^£-ui]j (JL^a j<Q>n Q.) A y' ) A-jl.P*^ 

.^lill ^ill (Airy Disk) ajjj^I a**\W Ljjll Cili a W d jj t5 Jc. Jafyl ^Ic- 
:^L La£ (Point object) ^>1 A^jjJall a*1A\ jla3 jl 


D = 1.22 Af/d. 


(2.1) 


r J 1 >>\\ (J^jall ^A A. J 1 4.101.1x11 ^}la3 ^A d tCal-lxi] -1x31 ^A f . " ' ^ 

! ___L La£ alil-i <LAj£ Ljajt ^fLaJ . L iV'.U 4 'J jq . J S i^i]j Sale. ^4J - ^ laljjoialt 

0.61A/NA R = 1.22Xf/d = 1.22A»f/2fsina = 0.6lA7sina = (3.1) 

k=ciall NA j i(d/2f) Ajuoaxll (Convergence angle) i_ijl£]l AjI j ^ a clip. 
lalLuj^/1 4 olViV 4_nj^j 4 j\ j \ . .'.' ^ 1c. (J j. 13 AJaLcall oLa '"•. . (si nc/) Coi a xll Ciaaxil 

( _ s ic. kl Cl uLill 4 ,uui 1L ^Ic. *1 4jal*-all .kLoaia (jj^j ^,al jr. j’nUI 

: JL2I Jiiil 


R = kiA/NA 


(4.1) 


i ^3\ Jjn\ ^llaj Aj^lx-dl aAA LS^” 

ji) A-Ja^^Ul <jI VuaiV I (jl *^^>Ad£i]l ^3 jpt-olill ^paxj (j-Qj^ t^-jl V] 

^)j»'n 1 -^J .A-iJjjJall AjuLaaII ojLdl <j\,VuxiV A^jLola (A_ukdl A-i 3 l 

(jl (j^-aJ V .(_^^kl ^Jj SjLa (j-Q (J^ AjuLaaII ojLdl ( (jj\jj) A-jlVuj 

. ^A_aIc. aJjL*_a£ ojlc-1 ^JjI^) ^)1_i*_a 
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JU (jjLj CjIa & AjuLaa SaIa ^al aWIj kj ClulMl A_uj^)Vill A Ajqll cLiIac. 

cki/NA a-gj3 4<LqI£1a11 VjIjIaSI acIl^ .0.8 Jlj^. (DNQ) L> Aa. JJ 

AcLiLa V AjIj IaIc Iaia ^j^La (_£a!I ^^Vl cAV^J AjUlIj l -— ^S£ 

. IglcLiLa ^3 ^AVIahaSI ^jjJall (J^Iall ^ja a*o 1 ^A ^lill ^ia^IaSI 

oaaj . VI y i a ^ 1 1 g x a <3-4*111 ^j£aj ai£/Ij o!>lcl 4.1 VaL*_a1I ^^3 

S^all a^iV^/l A^Axll (J^ylA. a1aI£1a 1I djI^jlAll Acl u^i ^3 La 4 tA_iliVI ^3 

aiI ^^c VaUaII (j-aij .(Moore's Law) jjjli" oLvL jl 

t likj jIj j . ^£1 Aj A Ac. AVi3 dll A CIiLujAc j ^j-a3l A^. ja (J^ 3 ^ A WiIj VlyViV I ^n^i V 

C* IjVi'il A3j . VlyViVl ^jjjoiVil a Vi ill <> QjLlI ijAksi A_ia. ^ aII JJ^Si 

^i3 .^£Ia 1I £jjJall jAx-aA ^)3ljJ (JjjLujI ^Ic a^LAaVI ^3 VgAVLoiaII A_i^. 

(Filtered) Aa^ji ^ j Mercury Arc Lamp Js^j ^ <alA£U cAjIaJI 

ClAj^jj-aJ ^jaaVi (JV (j-Q Ij^) c£1a (jl£ . ^ ^jUaj ^jia^)C ^lc (J 

^J^Ja Aic VjLujAxJI (j£aJj . AjjVI A >J 1*1 oAj.W a\ 1 dj|$.l^)^VI JalLujVI 

^ Iaia ^r j *\ a Vi (_j£aj c!a£aj . ^.IaVI A_1aI£ (j_j£j t> " J ^jjxa 

jiij .ajjVL Ja^s Sajama ijjm J' ajULujI uj^j (l$jj^ "Aberrations" 

365 nm j (G-line) 435 nm Va. ja Jl jLI ajc. ^ j3 djUJ VIujll jSlt ^jL^a 
A cl us* saIcI i. > i~nj caja^. ^_^.^a (J^L ^l.iWl l^_i3 ^jj cJ^ c 5^-5 • (Lline) 
I- j G-Line qjj±^a1\ .*!a! JjaI L 3 ^v 1 A^jjjall axjIaaII SaLJI (Reformulate) 
.DNQ a_*jLoa]I aI j-<J1 ^jLqa Vuj .1 i Line 


cA_Jlc (Intensity) SaJ u ^glc JjLl ^glc ^^£1 

^jl£ J (J£ An ^AVLail ^All (JjVI ^ \ 1<a _jaIx*qa (jVl ^A Vn*i'i 

.248 nm a^c % JL dis; j£\ (KrF Excimer Lasers) KrF dilivi^VI CjI jjJ 
j^Aa ArF jj4 Jj (ci cLl>Lia*£3I (_>^*j j-q) C5^ ^j£aJj 

ajj^iII jl jaII Iau a 1 a aj^.^ 411 Jl jLVI ^jlt j .157 nm it F? j 193 nm -it 

^ f~,l ^^jjSjjII (_jjl*JI jjjl l^jj 1J tC-iySJiiA J^iij 2j«iiiV1j CjLoi^xII 

jI y> JU.i fi Ut j i248 nm jj- J_4= ^ t >-Ul ^L^laLi (Synthetic) 
SI j a^i'iaSI IVSx,)SI ^ja ^3*° (=>l a Vu*il ^xij c 193 nm .CaF 2 ^ a_*_a ^^^.1 
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JjJa j_jla ^ Cl ill j Li) 157 niTL Clc. Lsi . ^al t A'il l ^ CclFi 

(_£ill ^)-oVl 4 ^j-aL-allxiV I ^jAuj (jjfLa JJ jl jJl jli 4(<-jliJl U AjJ£ J^lJ jj)"Jl 

C 3 .F 2 ^ il J-a £-A AjjujLujVI AjJ» »*J1 jl .]VlgF jl C 3 .F 2 iljJl ^>1 , W'nJ ^C..VuaiJ 

JjS J ill ^ j-JL^ oic.) (Optical birefringence) yJ-iiil c$ j^J' jLAjVI 

.Ajjj-saJl ^a-oL^aliil CiliJ*Jl j-o lijjA < liAj • (^ ^l**^ a CilJ J-i?hai 1 .lie. ^jjj^ll 

AjjI_iaj£ oiLo ^Jj A^.1^. JliA 4&iJi^Jl A_i^.^a11 Jl^laVl oiA j-a A^.ja J^ia J*1 4 Jli£ 

aJjJ a^jJI J I oiA ja 4_^.^a J^la JS ^a.W'u J .oiJ.1^. AJj-ia AjuLaa 
A jjJll JjJyLJl jJj .6«ll^» Ail J J J A_illc. AjjJjal^ jJi^ AjuLaJI il ^a11 AJ1_1aJ 

c. ql^A'i ^ jjjall -y^a-aaJ] oil jJI il jJI j * jLjill ciL*iLa c jj-gJ jA 1 (Backbones) 
^ h^'i 6 175 nm ijc- 4l_iiJaj3 .^jjj-aJl j«J iaVI ^s ciliijjill A_i^_nj aIL^. J£ 

oiUl j-a oiJ J AiiLa ^9 l$-atiaaJ j£-aj ^-3 j*al x^'iaVI oiJijai A-i^jj£jjijg,ll il jJI 
Aj \ \a\\ il^Jl ^gic. 4 ^^-^.^aII J^lall liA i^C- 4 Cil £ U-sailiujl ClujJ iilj .AjJjjJall AxjLaaII 

157 _J1 i*j U U . jJ_> j j£Ji AiliJ l$iV (Fluorocarbon) cAj jjj£ jjjlall ^ 
if , jjjJl jil >.s-iA (J^um ^_ic- (J jj-a^Jl A-il^J j3 jiiis ( J£V1 a_i^. ^J 1 Jl jJVl q? 1) nm 
c. . vnj 4Aa^.^J 1 Jl^laVl oiA iic.j .(jVl i^. (_£-!] Jc-li JJui jjJJ 1 g ia Ljl (jJj 

,f, jjiall Jl^ll q * al ^iU Ajxj CiLujixll Jij LjI^a ^ai^J-ui yjl A-j^jx^ijll A-JajVl 

.Aji^, aKJa ,1 iW y^-Q Jlii 4_jj^jiJl AxjLaJI oiUlj ^-Ull il^-o 

4l_^.l_^i Ajiixll A Vigil oiljjj _>J1 J^Ul Aj-aLJl o^j^all Ci^Jal Jl 

JJbj ^(Depth of Focusing) (DOF) lsjjA\ c 3aJ 1 jJlii c_jLai^ ^ ^Aj 

l^jj jIjJVI y)-o iJ V 4iJi^. y}-o .Aili^)!! ^Jajaij &\ J±u?^\j (j^laMj La ^3 1 g 1 a ^)Lq V CilJlallA 

(_^J1 ^^)^11 ^Ja-Jl ^3 L_fll^^iU Ai^iAJ CllAJ (^axII (jli 4^1 j 1^ i^^l ^ja 

Ajgjixll L_fl^)la iic. A*Jj^ 1 i^.lj ^LxJill A-/4 J ^JJl i. > lu^nj 

:aJU1 AlilxJl ^11 aJjjoij AjjaiiiA aJaC- ^ijj liA j .(AjiiJl A^Jll) 

DOF = ±0.5A,/(NA) 2 = ±k 2 X/(NA) 2 (5.1) 


• 0.5 (jc- ^ ‘ < al''iAj ^jl 4Lujj^i k2 J-oUl iJi^J Jj 4 AJJaill Au^Jl ^j-o 

£JJJ Ajiixll A^Jllj J^ULj (DOF) (3-^Jl -laJ^J y)li 4 Jli 
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^»lx ^11^^.) 250 nm .lie- CM[OS — II Ajl£i ^Ic- Jlii-o^j .&^ixl a la uxll aEIx^II 

248 .lie. DUV Id DpLjal dsl j!li 111 jlv) 4(64 j-iiliiiii .i^x — 1997 

dil .300 nm Jl j*. <s j ^ l ci^ lA ^ uA ‘0-6 J' : dcis j nm 

S.llx) Ja^*lill JX ^Jl I^A -lie. A_iJa-ui-oj AjjJjoia oJl£jl UJ^ U* <^1E C > lllal 

Jt jLV I j icillU .IV c_±*_^a L_ilk* ja j ;(25 mm x 25 mm J! 

0 u*ai s-IjJjujV! dll p)a‘i,o J V] cAjjo^-a Aj\a\J Jji J^VI AjJ.1x]I ClA Vidl j ^)j>^»^VI 

. AjJt_x^3^ AjjojIs 


^3 o^jjjd -0 4 Ji^Jillj 4 Ja^xlill Ax^)^£ 4 dsl ^)C. Jiilll CllHax^-® Jijp 

lijid j 4 ^ j V^ ll (Linewidth) Ja^JI jaj^j a^s! j^jldll s^jx^ll A_xj 

(Exposure j£>dl jaj*ill sjjVi VPjVdl V'dil jo A Aid .^4^ 

^11 AiljJaVd .Aj L-J^jX^aII 0-d-ol! \ Ax^)^. JjaSlj Jj^Jj JjaSl .Ij.wM foCUS) 

0-oJ (J^l JjjItnII Jaj^ ^jjLiib Ax^^Jlj Jl^Jill J<oVl .lJ.l^j J^-oJ tl d]l 

j£l 0-J-J1 cdLuAJ Jl 0 -o:> jl jl^ j ax jaJI j j£ Jill ju (Combination) 

.(aLA£ 1<J! dll J .ill ±10% Sjlx) A » j n.ro"i jjdl jl^il A^^xuidl dl jJ.MI JojJa 

S_jj^)Jjjd" J LiLl^l di-dal^-oll JojJa 0 -o^Ldl 0 JX jlll AJi JLuSLaII e-J^. (^-AxXj 

.^■iVua^ll jjjl' ci^ 11 tAio^' oIa (Process window) "tSBVll 

IvnII Jaj^ J 4 AjuLaa 1I SjLoll JiIjj 1 g ixu^a Jo dUajai^- 0 S.1X ^Ic. cilll .Lojxjj 

JJ ^xj 4D^LjaVI ^)^»-a-o (Coherence) iajl Jij 4 Aj.h*]I a vigil j 4L-ij\)a < oll 


j juaJI LtLxVl Li) jp jjJ 4 JUl^V) cjUUj .^. 3.1 

Resolution enhancement technologies in optical projection 
lithography 

l^_il ^Ic. Lial_V jAA ^-jLiiui^ ^ ls - ^ ^ J^Ual L-illiJI V 

Jal jl41l ^ I ^1 l)l^i Jx^llj ^xi AjI jX . J jj*xll Jo ^j^l^ C5"^'~9 ,a ^ Aj jLuia 


AjI/uaiVI JjxtiVj A-ilili jX 4Ja3Luill ^ jjJall ^-dl (J^dl (jc. (Jx CIjLiX ^ 


4^^! cilli jo jj^JI cillv .(Resolution Enhancement Technology RET) 
jl 4.1 Al^U-dl ^^3 hj (J-obt-dl Allxill A-oxll Jaji^j ^11 LujLujI c. Ig-i* 0 (j^lj 

Al*V I JaxJj 4 A n**iVil jl_i^.V I Ja*j) 5 . 1 Al^lx-dl ^3 k^2 ^-oj 3 ^^3 jjllill 
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1 ^)J3LLq ^aUaJ £. 3 ^ iS' C5^) ^^-5 RE T ^ 1 3 Tu^vi (j^A)j . (I^j3 

. *33 jl tAjulAAll S3-31 l (J!Lq 

.a_x3_aa]| &3-3I 33 (jixjx^l RET 11 S_jjoiLia 33^ 3^ l5*^] 

j& Ajl^LaaII o3a]I Aa 3^ o^)jj-a]l SAjuj ^jXojJaj 3-J^ 6 o Jj.WaII ^)jj-a]l 

O ^JA J^)Xa]I £ ^^3 ^ J)3a*H Ajjalj Clljl^ I 3 A3 ^ \X, 1 I 3& ^ . «l3 ^ (_JA (Jsl I_llx2 
AJaJjaiJ <jjaij LgJ (j' O^J Aajjla C* Uj.nl lg_i2 AajaaII 333^1^ t%100 

dll j AjuIaa o3_a ^Ic. Jaaj (_ja ^ ^31 I^J A nil . A * liLuJl J^lal^d^ ^ _>^ XuJ O -0 

a^jj-all ^2 oAjjj ^gj3 J-aVn 131 cI-Ii^-a (j3^ (j' ( 2.1 3%' t ‘3 _jl»jl) (J^ 

a^_j .(Clearing dose) i ijlVnll a^ jaJ ajjLaaII j <_$ j^ll $.id]lj a^. jaJ Aik. 

AjljIaa S3-3 JaA*n ^ g'Vn <jl la£2 A-xjJaljdA ^jXojJaJ oAajj £a a^jj-al (j£aj cASJ^lall 
^2 (J-ol£ 3^-^ A_3aiA A^Laa!! ojLdl ^Jj^aj ^jl ^,'uj 13fcj * (j.) <Qj| ^ 100% £a AkjjJa 
^_lc. 3 jj-ia^-l] ciilil .AajaaII JjIaLiAll ^2 A_iljVl Ig^LojuJ (^*4* J AjJa^t-dl (J^l^i-dl 

djlj A_nj 3^V 32! o^jj-a (jjAjJaj ^1^" 3j-^J' C > lllan ( 3^ AjuIaa d3_a (jjlij 

3ju>» _jiilj 1-gJ) kl 1 Ajlstill A Ajall ^jj^aIa 3%;nj (jkiiki (_j£aj ‘illkj .3-°^ 

^ia^La ^k-a ^2 ^Ajau] a!aI£1<JI Ac. 1 ^^2 6^)^all O^A 3-^0tIlujl ^aJ . (lC2 

AJ j3*^d^ ^-a^LaII (_ja 3x>>31 3<S^J 3a*u1 3^-°^ U^J ; 3^^^ C QjhV 1 Lu^aj 
^jjAjJallll 3liij! All J 6 3.. u -^^ 3^1? A h^i_ja]I ^a^>Ia]3 Aj^)1aa ( jJjuj^^ 3^^ JA^) 

^aXJI j &\ ^ j S-u^aII (Modulation Transfer Function) (MTF) 

. A ^a^LaI] l^lo A] j3*a!I 

^g^Jaj>3l _jJjA-alill ^A £jjJail AjuLaaII SjIaII RET ^ ASj^)la 

Aic. Jaa2 3—aj (3 jaII A Ana'll jlj 3 ^a1I dAA ^_^2 .AjuLaaII 0 jIaII 

C^Wg'Ui.n iAllxJi jll o^-l .L^IljLkj 3^b (A^J AjuLaaII oJIaII ^JajaJ ^JA AjAui]l 
Ja^2 A_1 a 1^3^ AjuIaaII SjIaII ^jAjJa (3-^x1! ^jC. Ua^Jl 3-°^ 3 -0 ^3^ 

Ac.L3all 33 Aj^Alia CIjLiixa^j ^Jj c31j (3*^3^ U^ U^ - *^ *^333^2^ 333 A_i^3 I^IjJa 

1 JA . (J^3^3 JaAill S&\ J! a3jJ! Alijiall a AaIxII Aj%*i 11 ^jl V] • Ajl fu^iV I j 

3^g>^ A^J^-*-a aJUII 6 ojlc. AjuLaaII oJIaII A^IajaII CljLAIallA 

AjuIaa dJIa ^a3La lUa'Vl djl a (j]j 

^yiC- ^Jajoill < 3) t >‘ 3^-^ L ^3j L) -0 ^3^ ^ g " i^Ia-uj 
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(JlliiVI a jLiVll dIa jpa 0 liia .V^JXaII ^3 ValLill a jLiVll (Jj3 1 g"i V i aXall V^Lajoj 

^du ^aJJ ^1 4 L_jI±ujL/I .-iadll ^_pa^)C. ^ c-Uadlj 4L_a jJC. j 4Vi3LdaJ dal Oj'qjM 


. u^'ill ^^3 £_mjlj ^ } ^g-^-lajuill 


I jjd3 jpada a^lc. dill £laj -^Lill! ^ i!a^ RE T j^a .la.lxll jl 

_^aVI dlll£ 4^ Lilli ^c. ^jLall $, jdali daXa.lxlaj ^-qXaII A ^i.ViA ^3 daXa.lxla 

Jjxj (J£dll jj^iVa Ic. jdo jj£^/I ^ ^ill . (Ix-a jdaVI jl) Vc-Ldil Jl VixdlLa 

.(Optical Proximity Correction) 2 (OPC) L 5 >d' jd J) 

oVUJl j j^-a 11 vil ydi Vi } vi^. jl Vol Vntil jdaj 

daVl^ ^IaX^H jl A (1-D) -lajalJ^l (Jddll . ( Vd^ld-all dlLdill a^)J_JJjuJ j\j Jj 

vljjx-a Laj lg_ij£ ^ gic. 1 Jal die 1 daLuaLal a.bu ^ \l^) lg_ilj 4Valid-a (N1TF) j^AjJala (JHiil 
j C* (jdjjxlill ^iaj . (a^)£llll LaXd 4 4 ^n*N JaLdLa LaJj 4 ( j jdoi jil jill daLI 4 JJ 

a^jjj-all ^lala c." aj*s ^ ia-dll "^■^xj" ^Jl Lilli ^Je ^-aXaII ^lixd 4VlaLaia (Jfaj dill 

-la-dll diLi£ (Ja^-a je Jlill (J^ax J ^l-qXaII daLoiLal £_ 1 a^. £-a Ve ^iLxaII 4_ajl^_ill 

jjkill j* JLill fj jiuiJl jl .(Optical proximity c$>^i2l ^jli^l) J^l 
^Xa j (Serifs) "v aLalll" ajdu-^ Jajla»> AiXaL ^ia (2D) (Sophistication) 

j-a L_aJlLa diLda-all addll (Jaaj . Jj)j^k\l vLxujI^j dalxj^all Lai jj ^)Jjd (_paJ^xlal Valdai 
A^jUd ^>^1 Ajjtg-ill a^)jj-a]l ^3 ^-oXaII (J*-^ j Lai j jll ^aIaII Lai jj 

.VxdXl A qKMlj dal.ljqx’all djA^I Aildaj ^A Ad^la]l o^A ^jLola j^i .^Liill ^aXal 
^ ^Jj ^dalj (J^da c_flLdala jl AiLda^ll (<jliH!^ o^)Jxj>.^i\ 1 Ja^ladll ^-o^Xi] j^-<^ 

4 4_a_a j 1 Xa^^JI ^aLLiil jj)^^\l ^ Lilli ^jjili j-°jl^ 4^ Lilli t laj-aj!il Vj^UxaII daliLnll 

(_^jj-a2l l_jj1111Li gr j^s x Aill dal^iiLi Villi ^W'Ln 4 ^aL/I ^1$^ ^ Vlalx-a j-ojl j 

^Jajaj ^^3 (Jj^joi^La daV^l*-Al <1 aI£ (J ^1^. (_ 3 ^ c * ^ji.iA ^ILd (3D^ ^Ixj^I ViaXil! OPC 
^dalla Ala^lall oIAj . -ijjj'vll j^ VdaLill ^-qXaII daXX j£,\ ^x ja~s ^pxa^xlal 4*o^)jj-all 

.^UlU vIjIa c_lill£j 4 . ^ jo >i*i j Ajxda daLaLoi^. ^ I _>^-J 

c-lidV Vxjl^l ^al . W'u*il Idajl j^-AJ 4 6^jjj-all dal-A ^ix-Q ^Luial VsLdaVlj 

VxdLa l^-ilj jLla ^lll 4a^jj-all c-l^i jJjatdil (Pattem) Ja-dll ^gil ^J^lall daLo^ix-a 
4^11 Jc ck^\ 0 ^u .(Phase Shift Masks PSM) j^UI c Ujjl 


45 



jjh jl ;AjAd jA 3 ^Lj 3 ^ J* ^L}A^ 4^Aj 4_ad£" 0 A 3 J Ajlx^iVl 

lx.Lilal ^daldl! llLlA 3 !! olA ^A 3 ^ A • A) ^-f^) (LcvinSOll^ jjjaiilll] 

^gic. 4_dx-Gj AilLl JjJ 3 ^-^ ( 3 ° l^A - * Lilli lad 3 .A^ dAlc. djlaLuLoll j la jla^ll 

j $. jA 3 ^' 3 jj dn«\j 3 jW^ 3 ^ 3* ^jj dAA^ b 1 a .^Jljjll 

^LuijV iJ!La-<^ JU^H 4 Vd ^jjd Lilli g- j)^H 3-a \ ■>> xi j LaAixi .180° 

^9 ^A 3 !! ^Ll 3 ^ ^ 'N.n ' 1 (_£^>a.! 4_iIaXG A] 4 glad 3 * 4jAA! Lilli 3 )-° e-jdall 

^-g ^Jaliiii] ^LdVI (Intensity) SaHI lad sA^VLj ^)j»Ml 11 a ^aaj Lilli 

Jjj-kll AjAa. (a*j Lg jl^ Aic. ^)jj-all jaij Lg ^9 .lallil! ^ ^9 A^ -3 ^ oAjjill 

^LilLj 4*o^)jj-all ^9 oAdll 3 j^>n 3 -° ^ J-3 ll £-° ^-lallill IIa ^ 3 ^ 3 gjl^ L_flA*d3l 
tl^j^Jall ^»jj 3 I 3 hA^_j*^ 3 -0 3 >^ 3 -°L*J 3 ^^ AA^ . dl/dVl ^j±u^j 

3j^'i 1 V Lu3U .Aj^LoiLg dlLaLaiAj Jaj)l-a^ 3 ^ ^^Lg-i ^ (Army) <■ Sj-al lal9 3^j 

C5 ljj dill 3^1 J tAjjLuii-G dlLaLulAJ lajla^ IdlgJ V C_fijlSj-a 3)-° ^ j'3'^ 

^al .'W'uJ ^aJ A9j 11 a ^ladL/ 3-^VI £-gj d3LiAxjll -j^» j £-g oAiLg O^jSHI 

4_iLg*JI djLlnlaill ^oALLg l ^V’i^'i .S-lW^a CliLaj^aj ^9 DRAJVI dll 3*^ <aj^)lall oIa 

^C.Aj^ ^-g^LgII djLlgi Ale- 1.^.1 3-^11 ^JJC- j 1^.13^11 dllaLaul! 3 dAjj* j>^i 

CllLaj^aill *>la» <g <.A ^jii^j .^Aj311I 3 ^ A^ dill AiaJ^aJI < 1 £j 1 l«g 3 Lf^^l (J -^* } 

4\\\a 3 ^)^ 3 ^-^ A£.l cl^il j . j^)£j-g lad jl 4_m-G ^dla. LijAj 

.old! <9jj«a^All Aj\ jJ! dalijlijaiAl 3^3111 Alj^)la ^Lii1uj 3 CAD (__gl c ' 

^jj tAlj^lall olA ^. 3 ^* 1 ^ ^AaliujJ PSNI 13 A_ij!>LgC. Hj^Jal! 

C^LilL . \gjlc. (djldd Ac. I j9 ^-g ojl3 <j! ^Jl jJjoi^ Ac.L3al ^liS ^US ^l.W'u^il 

11a . ^Ij^I lad ^-g AjAa. 3)-° ^Ull lad (j^d ^jiaJ^dl 3 L - 3 ^L^ 

^Aa^)C. AjqVi 3 -g I 3 A ^ d£-GJj tdlUl^ll ^ ^jAaddi ^glc. 3 ^*^ ^Lil33 "LjJjAjjjIII 11 

"l-IAjjLgII" ^Ulll ^lljl ^ad . 4_jAj\Vi <d9l ^lAadailj oAIIaII lUj c. \>.s - ij 3)-° x^il lajla^s 

A >t U*i^l Al3a ^-jl^J cs - ^ la.oi^ <jl^31 ^ jJjol-g lad 3 ^)^ AaliuAj 

PSM Lilli lad ^Liij 1 jA*j ^ -ladll dlULiJ AjI ^ 31 AjAdil dlllj A?) 

• Ij^/lL^jJjl 


Ailall diLaj3-Q c 3 C ’-^ La 1 g jAxAa 3 -0 PSIVI H (^^dVI 3^1*A! 3 -0 dAxll dlliA 

^l-gXgII AjAa. 180° jjla dAaLaiA ^da jl dua. (Rim shifters) 
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(Phase j j > ^ jaAill t ,- n^ j ^l]l * " >l > j. ^ ^ . >> jj j 4 j\ y\, >N\ j^i-v' , il 
^ jjUl o!a tjjfki to^lx. . iaaJI JaUjl ^LjV dlli j modulation) 

. 4 jjjjla]l alft a jAaa ^ ;.>. oil diAj cl l ^ iSI j t .4 jjjaaJI elil jl All diLsI .iklLail 

SjLil ^SIxa Aalijl AjIjLI jjic- a JJ^VI AJjSI AftjjJall a 1ft Jjjilaj aj Aft] 

jIaaIuiL 120 nm JljlaL aJjj ^1 Ljja jjiuijJ ! jj jjj^L* Ai&L ^ j jLa ‘L-aS j 
lift j^aoftj Lila. . Llll Ajj^^a ajj^a 3.1 JSaaII jjjj .248 KfF Lai jfr jLlil 
^^ftkia (jjLui aj (jjij jl u&j j^yivi jLi jV Lai jc jiuili aJjj ujjIuiVI 

. jjlall ^LjjV jjJalla fj\ AjJaL <_^a Aj]| <**■ jj 


(Phase Shift Mask - PSM) jjJJI c Ljjl ^La ^ <>. ^1 ^LJI 

^a1a]I ^•^^*■1 ^jAVI AaJI jjoiLl lg_jl jja. Ail jft 4 jl jj. i „V I jjjxj kjlftj jA lftjJC.j 

% 

^.nKMI Ual^c . JlA ^Ic- V l^jl VI t^Gc-LJa j^Aj (_£i]l 

V lg 1^1 j cClAjl^llI (JIa 4Jj^*_a]I ^la^IaII <C.Lila ^j^lall ^Ij^jjl jj^i Vij 

c (IC)<1 aI£1a]I S^)IaI! pEl C* n^s. j}A .JalAjbU |o L <K.rVi) 4iLoiA]l ^jjl A^. j)A (jjai^j 
j)A Jjj ^al 1 g tCljl jUI ^ AiUall li^ylg'u J j <C.^)jjJI \ IJul Vt CJJ ^Jl JX kS-i\ C' \'\n 

^ L_lXj^iill lilE <_£jl .Ailij (J£ ^ SjIaJI Jj^alic. j}A jl t. > Jjll <al!i£ 

(jl£ cjl jljJ\ aLqI£!1a]1 CIjI jU! 4-C.l u^> AJa_jl_k 

o L A^JI ^9 ^a^Ai]l pi ^)j JLij ^9l^]| S^)£Ia 1I Clll 

A ~>jVi ^^)Lujllll J £-a C5^ 6 ®^)l«^l ^-al-ic. j| 

A^JI C1jI_ujIj9 juui'i c^Luaij l!i9j]I .Aj^aJI A Vigil j AjuLaaII SjLdll ^ Clil n^)"\MI 

(Microprocessors) ajjj^j^'I c1jI>'UaII kc. cA\\U\a <1^1 ^ I 

^jlc- ^a-lAlA A^l j (J;!^ ^1^^. <j|^l]l C1 jLuj1_i 9 t^alc. .O^aL*_a ^)4^l ^-^1 a CllXjljj 

RET) <jliLujVI CjUIaII a yjV^ Sjixkll l '<us-i') ^j^l a^. jl cSjIaII 

.(Resolution Enhancement Technologies - 

. LiSl ^)C. jililll pEI opLjaVI L_u]Lail Clil nx^iVi (JLkjj 1 aJ^jI ^aJ La^ 

^9 p J-^all cjl A qjq^k ^JjI^j ^jI_i*_a£ <ic- ^)L*_a]I <jlyu*iVI A^. 

. ^l-la-lll ^JajujI^J a_jjj-all CjLa j!*-a (Jai ^aJJ ^Luj^xII ^9 In'qM 1 (jl U^>1 ^-LiAll 

aIjIa oa-Ljal 6 (Off-axis Illumination OAI) jj^-J ^ jU. SaL^Vl ^.'Vu.;! j 
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. jL-a AjJjll JJJaL U>ijl ^Uaill ^-xuaLj l,A*m ^jVl ^ Jf^-ll C5^J j-« A^.1 J -^l^V 
jl c > i~nj 4_uj^xj| A Vi3 jV Ajl i‘u*Vl £.lj AloLdaA 4 \,\ iaII C* n^s. jA 4 j^AJ 4(_£j^.l SjIjju 

dul£ 4(_£.lil£ill ^Uaill 1 aiji $^JjVl ^ jJ^JI L5^J j-a aVjj jVI ^g-taxl 

L_ljiuVl 11 a jll 4 dill £aj tljl-QC* . 1+ ^1] 1 — Ajjj j-a oJIiaaII A^-uiill ^Jaiu A Vqll 

£a 4 q\*V Uj.) J j J VI iaAJ jV Lilli 1 -*ia il AajIja jj£j jl C 1 d^LjaVl jl £iil jJ J j.W a 

(^oljjll jl ^HVl (JjLxullj 4 m a S^LiJaj JaLoil djjlV dilj .Ax_iaVl A I-ia'iI 4_ajLiV 

c^LLuiaII lajla^ aoLii£ oAh^ ^ia^La $.1 j di^Lil dillj tdjl^ll JaLojl j)A oAK^a ^IjiV 

.(Gratings) 

c. nVn jl aVLxa £a j)Al jillj (REX) VI yVVl jj*i V VHj j^jaj 1 x>ijl j^Aj 
^a^La jjj£j ^»jj 4VLVI &1a ^a .100 nm jja Vjjxa ^-Wa jLvV AjuLaaI! SjIaII 

£a VjxaVI Lai jo jlilll WL cAJjjxa Jalli jl iajlai. (J^jaj Sato cAjuLaaII SjLa!! 

.JaaJI j® ^Sfl ^aJI cjjLdl j (RET) — U (Combination) ^ 

^a Alai jloll (UUajS AaVJoaII) AjuIaaII ojLaII ^JWI jjLill j^Aj 4 (JLa1I (Jj^uj ^^^Ixa 
^al , WiL Ag_VI jAax J £a 100 nm ^1 J^. do Jajla^. AoLL PSIVI jjlall jLVll £-Lia 
to ji Vito A_iolj Ajjaii ajuLaaII SjIaII ^a^LaI jj£j La jaoj . (DIJV) 248 nm $■ jda 

oJIaII A^Lajoi ja jAaxJ jlala L^jajoia jt£ 1111 . VdaJjO ^^A Laa A^La-uj j!i£l 4_il <jl tLo 

jl c__flL^. (Isotropic) ^LiIa jjaVi! ^AiV i jl j^-^j ajuLaaII SjIaII ^a!>Ia jli tAjtjlAAll 

^A^.1 l^J 111 A_1 a1 jIa ojjx^aJ .^a^>La 11 jiajOj ^liljl jA (2^ (jl AjLuj ja L_llaj 
dill ^xj a jjUail A_Lali£ t400 nm A^LajaJ AjuLaaII SjLaII 100 nm J^ajo Jajl-I V 
jjAuj ^lo 4 60 nm ^_gil JaVll jiajO jiajiVll C_JjAjoli 11 jl jJaViII 11a ^.‘iVuJ j^-<^ 
jj^Loij . ^glc-Vl j-oj JaaJl ^ 5 -f^L^. jA jA 20 nm (JA IaJJ (j^jia jc- tcJli-all 
4 jLp.VI (j^a*A C 5 ^ *380 nm a^Iax ^ j 60 nm j^sjxj a_vU 11 JajlaVll 

Cllill 1 111 . L_JJ JjoliII A_iilxa Aa jA jdail AjljLaaII o ^IaII ^^3 A^uaI! dll ^L^_^.V 1 

^lo olAj . jlxlill jl (jajlll ^a^O j_g_V^l 41 4, t 1UJ jl j^-oJ 4 1 JJJ^ VjbliA JajJaVll 

JjdVl jA ^xjI Ajjxrf'iill LlljO jlilll AiAAil AlaJ-uiJj Allxa Aljjla 4 dill jjA ^jll 

Adt^Aj jA ^gX-i uVill l_ijLujV1 11a ^3 A-iujjjjll 4 J* ^^all j] .Aj^aaII j 1 gjlo djlxlAll 

Jc. C Ia.^VuJ Aljjiall j^l 4 Auilll JA ^jal jlllj j j a Will AjIaO ^’UtiVuJ ojLolj Ap*.jJ 
.^jjtill 6 j^.Vl jpa Lnd 6 jj» X^i j^ol AoLlusa 4 Aji"\ ji\l dLlnialll ^1 j_ja1 j ^jUai 
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(jluflSf! iaall! JjJju jWJ . PSM ^Uill jjiail jLaJI SjUaj (S) 3.1 Jiu4l 

4_a-jli UjSj Uaja jjlalt flijjl q^Sj ."i Lilit" pUi j ijj L P'j3 fUiW 

(Micrograph) (i_j) ,4jSjU 1 ^-aiLail uiubJI jjajj ^ jxll! 

ja 4^jjiaA 120 nm diLljj DSP 4^13 ^ (SEM ) AjjjjjiWI jauaI! jAL*a ‘Uiuiljj 
Lf La)!\ (jjiLii!) (jls . PSM ^Uiil jjh ^Ljjl 248 nm DUV Uil j&jjjJ 

250. nm AjIjjU 
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2 a jW' i\W AaaujiiSall <jj 2 AjuiVLj Lfll jfrjlilil J. 3.1 


Extreme ultraviolet lithography (EUV) 


Extreme ) Aijlalall 3 j^a 2 ji 4VU Ualjc. Julll u^l ^ 

J jLL Ual j& jiuil ^jSIaio JuLa! <^a (Ultraviolet Lithography-EUV 

(soft X- ; UU]I 4 ;\nUI 4ju!^\ <■ Ufa ijAjJa (j* ( 14 nm -10 nm) 1 . 1 ?. ajj^s 4 ja. j-a 
F 2 (jj J “Wj - J' jfaV ^ ijlajl l Ajj_yjall Ual jt Jliill aiaU jl J ray spectrum) 
Ajl LaS . jLaiiVI j^Ut ^-aU^UaV' 411 ^ aJULUI Jlaj (157 nm) Excimer 

U?. jJ ^11 a A jJ^c. i. 1 *1 ^ ,a £*a Aao^lxll A ; j ■ *aall A ..IViVI cUjj ^.Laa aaj 1.1?. l—ixa .all 

U ji Ual jU JUllI iij£a /jl .'A /-l L >.W1 j v . ^>^1 ^^^Ul j ^ Ull jjj*^ t^jc. ac-UUIU ^-aaU 

(Jl^lal ' V- Ajoi£UJI A 3^)a . aall A aU\U I o^)j» ksi 4 V’A ^I.’iVuAj ^A A3^)3a*iA\l 4j^inqn\l 

£a A-p^adl A Vigil Ajii3lj!i]l (j! .S^l^l J \ju\ (jA _J K ^ a ^ A_i^.^a 

.iVj dj i3j ^3 ^ucL^n (1 g^iC-Lila (_£^1a]I ^ia^LaII djLujldij Aj^l^- 0 ) a^),i» iVl A_i^.^a]| (Jl _^3aVl 


L5 _^ j aillu]l (JjS ^aUail] j)^AJ t(JlilAll (Jj^juJ ^C. . (_£ (3^ J tA_Jlc. Ailiimj! jlaJ 

100 nm ajUU J 0.1 ajjjic. avisj 14 nm ^^a Jjia ^a ^jiaidl 

^a.) W .(aJc. h^l^vA jAj t0.7 (Jlj^- kl (JaIc. (jialjjSl ^glc.) (jjjfLiA 1 (3JJ^ (3^*3 


oJ^jLIa Lai ^)a (EUV) Ai^lalAll -A x 1 1 \\ (3^3 Aj^ji^a Jl 1 jI^)a]I A_uj£Ix]I ^j-alixll 
.14 nm / 70 (jA u_jjia Ia (J*-oj a-i^iI^xj! (Bragg) djlaJall 

^n."i nl^A iJ0J\ (Jjaxjj ^gic-) 4 q\‘V a j^A (JA (80 "^) AjjIHa odpC. djliila j)A IjI^aII 

^Jl Alila (J£ ^4C. ^)Lu^jVI (JaLxa ^3 <A£.!^a]| ^a^C. L-UjojJJJ .(SI MO 

a£La-uij Aar u^a djlqtJ^ll d_ljl£ lil IaI . A3^)]q"'iaII A_i^uiiiJI (3^2 (. Qjat x-o ^jl^ar, tl 

LiiL-a Lajl^aul \ ) UtiA A3 ^)]o"'ia1I Aa^-u^IJI ( 3^2 ^.Llj (J^.ljj (Jj-a^J cA^-iij-a A nat a 

t, 3 ^))^'‘ia 1I (3^2 ^Uajll ^^3 ^'Lji]l^ .((j^atA >^.1^5 (J^la Aic. JaS3) ^3^ 

^ ^jl^ll _j Ax-aAll ^a.) Vutij . djla±Ia]l J^atllA (jA ^ ^ill (JaIj ^pj£lc. lx>ajl 

ajjUacJ ^aJ (_^^ll ^Liill £^dal! JalLujj ^Jl (^1 aIJ^]| ^^uiaII) ^1 

(j^ajqVi (JaIc. ^a UjJI (jA ^aUaj Aiajail AjuLaaII o^IaIIj A JJ^aII A3l3^JI (__ 5 -^ c ' 

djljjlij 2 _a IjIja ajj^iJI UJ^Sfl L^lajj .a*jjI ajl^lo (Reduction Factor) 
oI^aII (J^joi (J3^j (jl (_5-^s c3^° (3^^ ^ (JIa'wvi 

^Jl (Jj«aj dj^t^JI (_pa*J ^3 j c^j^Lla^jVI ^A ClilL-al ^ aII .LaC-Ij l^Ja-ujj 
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jA\j tSl^all ^a Aja^. cdiLiaai (J^jdi Laa t^jjTun^ iVl ^jja 

jl Aj^jlxll ^jjfLiLuill (3-° AalS^J cdlla±Iall £^Ua L-JJjoi^jj (Jjj^la ^je AxiaVl ^j'u^'i 

^)j£l .^liiill (JIa^V 1 gj'yWl ^aJ (JA j cAx-ai-A A *4 1 3-a L_L1 uj^)J ^aJJ ^aJ .A^JajuiA (_£^}dl o^jj^j ^1 
dll 3 j la 11 Saa^UA dlle-^LIa ^jjj£liJ Aa^) la 1 a 11 A_i^-uiidl! (J}_j9 AxiS^ Aj^. ^ ^jIAaII 

30) d ilqilall aa*lA ^a la^. o^)j» ks-i l_j jjc. a^^.j £-<* .c—ijjc. (jj«^J _jlc 

.Jjjlfljlt ^ic. 1 _£_a 2 LJjC.j>i JJO ^ia^^Ia Ac. Lila ^aJJ (jl (j^AJ t (^JjT Urt >* 1 ' 


al ^jaII ^la» a (JiS j>A S^kj EUV AijWUll Aj~n j.j,iQ nil (j_j3 AxdVI (j-aL-aliAl ^aJJ 

a! ^ aII diLiila ^ic l_l^.jjjj .50 nm j 20 nm (j^ Sale, da^. j^u^a (jUaj aic 

a^J j j>A L—i^j La l g "i^Lqjoj ^j^£j (jl aLI£ 1 <JI dil j)\ all a^JLxa AjIac. ^a AAj^U! AxjLaaII 


j^la'dll 


(j^illj ^)j jj^alill Aaj^)la (jA Ic cilia c. > illa'n JWLj . (j 


^■^laJj cAjuLaaII SaLdll (jA Sai^j AdiA-uj cdLlilal AilL^J! Ajuj^jLaaII (jc. tiila c. ' < al" l 'Aj 

. ULjLuj ^_daj La£ cdlLj.wMl j)A jfoll cilia 

Aujjill A.j I auJI AjuiVla Ldl jPjljlfl .—ft 3.1 


X-ray proximity lithography 


Aillxll AaUall X-ray proximity ajjjaII A_mxJI a* 2 ^Lj AeUkll ^adld 

AeLilall ^a a jj ^.11 Lg_da^)£i ^lil! AildjaiVI ij*^- i^ c " d ^ 1*^11 Aj nxj.il! AjuoiL /1 dili jS^il 

s.* 

^*-ij_jS 1 ! j^Jl c_jjoj\jjj lial ^)C jiilll ^-a!>La AjIiLujI jla c 1 . 1 Alalx-oll Laa j j . Aii^ill 
(Jg , x Aill (jA .Aalajllj ^likl! (jjj S j'sdl J AJaaLoill Axd^U ^^.^aII (J^lall c_J^)jJa (Jj-aL^J 

dll J k_cV ILj Adixjj Axdl AaUa £-a 100 Iim C5^ Ailyuj.il ^ic (Jjj-a^Jl 

^jl A. )*ij x xill AstdVl jaL-aJ . IgjlaLuiJ ^a Ajlaa Ajliill oAA ^jj . (j 

(Electron dilijjj^lj dAjjjjjj^ijaj jl ^ulaill c o.^l A \~% hip Aa^sjI ' 

. ( cdiLialijl j) ^Icl diliaail Synchrotrons) 


cdllajJaill ^ 2 _iuj 1 j LS^” A.JlJxxill AxdV! Lial_jC jill ^ 

^1*jj .Lial_jc. jl211 oa^l c__il_ac.^U ^.laV Sajac aIIaI ^c^>l! ^lc c A-ia^lji^l'l 

.^liallj A.j ijjbxill AxdVI Liil^C jAiU A-jjoUJ^ll Lilda^ll 
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\,\ Uxn ( a ^Loixj ojlc. 4_iiijai]l Aju!i^\ Lisl ^C. JlA Ajlj 3| (J^x*x*n 

Clllj A_pjjoill Ajljoi^U A^-ssIa ^aj t(jj^jlxxill£ ^L^Jojoia A_iic. Jala^-11 .‘Ig 'sll (jiaxJ ^jAx-oj 

(Blanks) aj_jI*JI aju ^\ ^juAi . ^jlLiHll jl l_ia11I JIa 

a jj£^)ll All jl ^aJJ ^aJ So jj£^)£ jjliUI j)A ^.ic. A^^LaII dlLillallj £.Lxax]I L_lijujjij 

aLLaa AiL^laj dil & j . 1 g**vN.Wi jl ^) a]I A qJ-ViAll 4 jl-sll A g ~n1I 

j)A A-aj^. 4_LajuJ^j LajIj ^aJJ Lija ‘ nil jl 1.1c. La A_iJ jx>>ll AxiS^I ^g-3 C* ^a.W’uxiI i4\M 
jl cLjj^aj ^ m 11 AIAjla jj£j jl j^Aj . L_fll_^JI (jx‘n a *n'lj LijaV'^I jaj ^jjj t CliLj j jl^JV I 
A-aj^. ^1 , W'uxiIj L_1 jL*JI ^^Lx-sal jL^jj ^aJJ . Clali I jA A-oj^. ^ jL^ jj£j L^ 

o^a ^^i) Ion-induced cIl^iLoia - ^ jjjl ^ nxxi jL jl Ad^ai^llj aJI j!X] Sj£^A diljjjl 

LaII JIa jjlxA i. t nxxijj ^aJJ aIUJI 


aj^AJ ^Iajj V C 5^ tJLlILjj -lx Ac.LiLa Ajlaj Ajnxdl AjlJuVI Liaise . JlA jl 
jA Ajj» ).si jfc£')}\ l_uL^JI jlj .Ac-Lilall s-IljI ^ m 11 j ^laIaII (jjjlja jA (J^ 

.^-Liill Ac-1 u«o jA tlX Aij^)ia ^\ jl tAjnxxill AjuoiVI LiSl ^)C. jlfl ^ AjVqMI A-i^lill 

4 Lii^jjj ^A tL_iix]l ^jjjUa j t J-vnII t^L-olAll dal qx^il jaII ^ja~n jjj 

Ac-Lix-sa dljl£ . Vill Ac-Lilall aJU. AIjI La a 11 dlLix-al^All jA ^jx >>s-i 1 dj|^)A 

(JL^-a A_i±iud]l AxdVI Lii! ^j.w aII ^>1 .w'uxi^Ll ^ x^yi^li L_i±uill ^Liill 

.AL-aLLdl L^lLLoU ^-11 Ajjoij dil^iidA ^a^ddujj 1 ^ *^ \ ^ 

Electron beam lithography djjUhn djaJI Lai jc.jjJ .4.1 

^■LijV Adj^jj^Vl A Laxxil^j Ac-Lilall Aaj^Ia <L^la C* Ia.’iA'lxiI 

. Ad I ^jolaII ^1>a' o^jjWiaII Ajlajll LS-^ LiujLujI AaL*j ^^A j to^LXj-sa ^a^)La 
A i^)*JI (_JA tdlldA" t,**nW Lg_^.l^)jal ^aJ ^ jVi Clll^jLialVi 

^ Adlj^iill Aj£j^)aVI Aj» a-s'1 ^1 a“i-n! ^ jUdli ^jLoijjj Aa^3 ^ 

. AitiS ^jc- ^L-asj (Jjl Ail ^ic- aj xL'uxij Ia 1959 

A^ix-a ^^jA L-Iji^a (_j-£aj (JLkjlj ^jjg,xxi\l Aj^dj ^jLajjli ^)d-sal t c." n.wll lAA 
(Jjdtj Ajl . (^l-gIa]! ^>~n ^ja 1 00 nm (_[_>* L_1^J La ciil^ 

Laj^j AjLa!i]l o^A (jl j)A Ail j)A ^c.^1 t A a^.aII Adj^jj^lVI ^aI'n a\I 

.(JjLuaII ^llillj ^.Ldaall A W xxi CllljJjLj lix>ii 1^. AlilaJ 


52 



LjUjjiihn Lit jiiL $ jJuLlaJ) . 1. 4.1 

Direct write electron beam lithography 

(Direct DWEB jnlj s^jjaL±a]I ac.1 \1~iW 

Ad ja l^o bj&li* cu^J Write Electron Beam Lithography) 
aLJ jj ^SaalL U ca^LiLI] (Scanning Electron Microscopes SEMs) 

. C1jIa_^Ixa]I Ja-oJ (Jill ^_ujLa] Flying spot S^jUolIa A-xilJ aLjaI^J ^jjj) ua^ 

dil (SEMs) ^jolaII ^jaL^a <ja (Jjdu ^ jJI j 

nm) S^jdu-all 4 aJ-ViVI g^A ^^Su>n . A Ag a\1 g.^J £-uj!j LS^” t "" J 

. dilj L aLa^. 4juIaa 0 jLa ^ ^a\ 1 1 g Vnl (i^lL ajLa Ia j! 10 

(Gaussian a^jIc. AaJ>^. AaLjI l^jl ls 1c- AaLjVI o^a ^jLi^VI (jdxj ^ jLdj 
•Profile Ad jjii JVI aaJpJ' *Uu* Sdi l-u^ cslli j tbeam systems) 


1974 

LIJ 



^jjsayi 

(SEM) 


(Gaussian) 



SiL^AI 4_« jail , ; j~.f i .U 


4j-.ir.yi jljj 



.iaULu^U DWEB (jUaJai^j i4iLuu 4^aj^j .AalujIc. “taja. 4.1 JSjjjJt 

^jAasa] (AllaJI gAA .4. 1 ^9 ^Uaill Ia^J ^Jajla^A]l j J ]aJ 

a > jn jl Filament iajja. t>« ajUajI <a-uj (jjfL -ji diljjjjSlVI 

i> CiU jjjilVI .(Field Emission Tip) ^ ah' jS JW-4' ajUaVI 

^-ajIc. (_J£au ^A Lu^Aj ^AjLa. t-t-A. A _K A ^_lc. \ ^ ES Aj j Ia-; J)£ jA ^aJ jA*^a ]1 
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AAVj ^jllj _jljl (j AVj Jill) ^ Vi^ll J A-ixJaLlxAll CllLolAxll ^JA ALaLa J}lV ^j-Q 
ClsliLa j\j j AjjIjja CllL^J lx>ijl Aa^-i^V 1 ^iVluil . ( CIA-aAxH AjAAxII dll Vigil 

^Jaj) ^a J^Jl ^ jajIiIaxa C_fil ^)^jl 


aJ^I 


!il Ldajl 


>.W Hil 1 


i a^ac. {^JA).S-i *■ W Ij AijU ^IavLaI Jj .(Astigmatism) 

dalij^. jl Adlj AijL^. ^1 A Wil Jj l Am ^A^aLIaI! dllajVI J AaJ^JI ^>mn j (Juajj 
J 4 JjJa J^aI 1 AaJ^JI ^aaa Jj tJajaijVl Ajilill Jyld. .Am,ll ^jC- AaJ^JI ^aaa] 

(Bitmap A jliq i 6jjA-a| AdLnll dL/l V'iaII la3j Lg_aS jJj AaJ^JI Juaj 4 x^ijjl AaJ^JI 

Jill Jllill _jLg^. ja-\a a^. <Jj vidj) ^juLaaII SaLaII ^a ^Liij oaLcJ 

^aaa .(ojjj^a g.U-iC.y Aj^)J-a£ 11 "dj^Lua£d]l" ^jaaJ dlLijJ^lVl (_ja AaJ^. (J», Vi 

c t iu*n (1000 nm Jl 100 nm ^) s j j* ^ dAaLiAA dc. 4fm,ll dAjjJ^Wl AaJ*. 
JaI£ 4j^»M tiillil JIvaI Jill diU Jdll j (Aberrations) £_ jjjII 

cilliA .LiijJ^ll l^a J IdLiil^iA 4 m 11 ciL^Vi t, <aj\ jj ^IaVuhI Jj ciaL^jl £_a 4 ija.ll 
AjAatlll A aIViVI ^paxJ ^AVLaJj .till A JjqVll V IaA Wil Jill dlUaladAll <_ja AjAxII 

(jaUjULa aJoja! jJ ^JJLaII) a \ \x 11 ^a^A ^a Uadll ( Jj 1 aI VuJ AaJ^JI daliJ^J Ajc. L^.JjaV1 

"4 Jl~S a! 1 j" AjljaIj A^.Laa ^Jc. ^^-^LaIa JaLajl ^’LiiV L*ilAj ((_£^^» ill (JdlAjll 

.ajaJII aaJ^JI c_sl^)^jl a >jVi 1 £-a "Stitched" 

diLiAAxll Ajal jc. Jilll Ac-Lilall A^h'il J AdjJ^lVl dilj^waJI ^.Viun 
^gjl^ill ^a^ll j^LujV 1 ^j^aALuiaII . dilj 1 Aa^^. JjS x*n j AjAtnJ^ljjLAll 

Demagnification j\* ^M1 iAc. ^.iVumj) JUill ja^aiaII ojjj-a SaIc. aaJ^II 

aaIIVa Jj l^Ajj AaJJI AaUa _jLoajl) jjl j t( J aVI a^JI Jj La x Vil 
c((JjVl ^aLLdl J AjjJ) ^-ujAJI ^jJIj ;( jAx^aII (JA AaUall c!^ 

SaLc- (jAaJajj .(djU JJ^lVl JaUIaII JLj^II Jllill) ^.LiJaflll A W/I) CIjI^jjIjj 

Ji .(Quadrature) lS^> J^ 1 JL^aj o' J 

Iaaj) ^aLaa (J£ cIjLxj^a ^ ja*s a! ^^jt_ijjll jaJI aji ^Jc. jAa Aa^^I] ^alx^nll Jaall 
^jjl CIj^LaIxa ^ (JjaJ .(aIJxa Cljl^)jAaj SaIc. ^Ja*j 1 g iSlj d >.s\ JaJjJallj 
L—ixj-iall qa AjV AjjjjJall dilj^x^i ill ^^a C1 j!>LaL*_a] 1 i-*ll*n Aj^jIIa 1a^ l^f^ LS^l 

^Jl aIa^jj . ( jj Jll) a^L^-JI c 1 jLujA*J 1 ^a 1 ^_j ^ 1^11 J^l cial «\ j«\ x A iIIj ^Liall 

aIaJj j ^(AjujAxII ^aUaj] AjAA*J 1 A Vi^ll) Aa^^JI AViS ^a \ jJ-a V a 11 ^J^lll 

^a A m 11 ^Jc- JaaLoJl AaJJI . A Vigil la^A ( xa A_1ujAJ 1 j^Jl 
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(jl AW»i dljdlj (Jaaj J ^^.Vl ^ja^n . (a^LuiaII) A Vigil (_jjjLi3 

^ 1c. Exponent ^Vl Aaj3 .iajxj dn^. .a_a 3^ jld ^ 3.3 ^ £_a ^jdj 

A W**i' _jj£1 C1j\ jjjLij j AjjL^jiI LajI J CIjLujV I j . dli J Jj£]y I J ^ax! ^ jai.Vig 11 
I^jIjjjIjj ^jjjj^lj — 3 j 3^] d^lc-liu .Iajxj . ^£1 ^3^ dljLiil (^331 ^ > *3 j) gU^idl 
3* l^_J^)3 <_£.1 aj c(^)Lnll) dljjJ&lVl ^gic. ( ^_ujLuj! a A) 1 ^3 

3*3^ ^)I^La j Cross-over ^Wqa JaliA c^Liill Ail3£) i» ill 1 g x>i« i 


. (a_a 3^1 AsUa) ^^axII ^^3 L^^xlid 


AjjujLoi^. £a j AxjLaaII SjLaII ^LaC. (_jiaJ^)x3 di3^11 ^jli tAjl^-31 ^3 

La ^Jl A x a"i~n a (JaI ^xJl c3a (_£JjJ J .Am 11 JaSLuill <a^^J1 ^jIjj ^Ia^Jj SjIaII cilia 

Jjil ^1 >^Lj Axd ^^Ac. 3^^ *31 . $.Lda31 Ajl/uJ j ^3^1 ^ja (j^lVillj c_s^)xj 

£_a ^jajIxjj 3I L_L^Jj t|ojJ*j-a dl Vi 3) AdaidlA ^3^ dl_l\ ^)L_£j dc. Ja£3 (JdaSl ^Ldailjj 

cAxihll 3 A da j cAa3^Lj ^juiaII J^jl^)Ja 3 .. u A-2j .lg * a Aisl^jd^l aIj^I^I (jd^jxlill Ad^l 

3A3II ^ jjjLilL ^ j& 3I 6 W^ j ‘I^HaL ^ j-p j (Overheads) ajj!*J 1 dLLLdVI j 

3^Ld 3 * Ac-LiLall Ax.^joi 1 .1^. ^^Ac. (j^ 5 ^ (j^ J t A cA iJall j^ »«oll 

o^.l jll AdLill ^ l_ia ^1 j^ILj jl jjaa^Ij lg 'ic. I^xa) Aa3^ j 1 ^ ^La^J jldc-VI 
3^J*1 Ujj l_1a^]j^]Ij ^3 Ig 1 C. I^axa) AxjLaaII ojIaII Aj-ujl ^ ic. La j-lAa ((C/s) 

(nA) ^iaa! ^jLill (^Llaj a_ lujjld ^3^ ^ ^)ViL/ CjIjIiiII ^ jp>. iS^lc. .((C/cm“) (*-jj-a 

tl iS]i] .(|iC/cm 2 ) ^^uAl_ 1 a^]^£j^)£jLa £-daJ Ax^LaaII oJIaII daLijoiLui^j (3^^ j^) 

.aJIc. AjlilujL Iia'i A£.l3al dalc.Luj ^jjxdj ^jl 


^jjAtiVal ^^dalAll dalj n», u>i ^3 A K^iaII Aa3^^ A aJViI 

^3 ^da^A La£ . ^ DWEBY dalij^j^^^ ^- a 3 = ^ 6^)joiLia]1 Ac-LiLall Aa^LIjVI 
3^>Li. ^_ja ^)aj ;(Aju^)a o^lc.) jAdJ! A Viqj ^.^x^iaII jLnll ^xlaj^jj t4. 1 (J^dll 


^a^C. aJU. 3^ AjdiS 3^-^- (3° dJ Jk-a ^ ^ cl^J 4 ^- Q 3 i ^ 

^.^juo j-q c^j^aj .ljuj.n aaJ>^ ^Lij ^-q (Wafer) Asli^)!! axj^a aa3^ ^ 

3 j 11 a ^)i_k-al ( xkjj t ^)Xj-al JajLa^ j 4 ^)iu-al dAxJ^)A ^ Lijl i - jj'Waqli (jjj L_fll 1 3-Q 

AAa 31 Lau>i ^jj) l^Jd^ ‘LLIj A m 11 (.j-^* *LsL^ j] .Aa 3^^ ejljldl 3s! ^ ja^a 
^^jC- 3 <; xaij S.via a -LaLAjl A£-L3a 3^^ tAij^all .(cil]^ ^jC- dlilidl 131 (_3a^jx31 

JIa^V ^ ^aJl .(^_^)dl 3^-^W J’) d iIxj^)aj o_jj ^11 ^A^-dl ^3 a 
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cUiUJ jiax j ^ jjaiVi tl |jA Lajj jA ^aUalll j^i \ ‘Loj^Jl jIjj 

. ^-uj jlx]| jLiill A_a ja. A x>)ViV 

ojlc. La* a^ jjj^iyi dAjjj^aJ! ^ daV jliij ^Lall l>° V cl <jxt)^U 

4 .alVilj ACjULg <1£»uia <Loj^. A xilVil ( x-o (^al . W'u+l)U (Jj la ^_aLg jxj-J) Ij33 JJ^l Ajl/uJ 
A_iujjlo A x>)Vil ^>1 , W’uAj AjjjUl Lsl jo jlilll ^Ax a (Jag* ^aJJ ti_njai]l l^_l .Aj-ujjIo A-aj^. 

.ao jjJI (Trading resolution) ^ jl.il* ajUl^IS tL $ jkl fija t A K/l* A*jia. C> 
c. *<ajll£j ciipk) (Custom circuits) ajJjJI cJjl.il] aK/i* a*j>^ a*1Vi! ^l.Wi J 

A*jsl ^io) jj£I ^1 •> ^1 cJj _13 ^ u^ilj ^(aJsiaIj jj£j j! j£*j £'Ui]| 

• (1 *4 

jl AjA JalLajj <Lo j^. A-dlajl ^A A K /l*]l ^a j^JI LlSljO A_*laj| J S1a\ jl 

. (l_E>IW) 6jj£iLo JaLail Ojlj (J£joi ^lo Clil Vl^ (J*0 ^aJJ iAll^Jl dCA 12-^— Sj^ 
L*£ .Aojjoij A^.jjoi1a]I ^jIsLia]! jlj£j j£*j toj£|j Aslsj ^^3 c JliLdl tAajjlall 

j£3j (Prototyping) aJjV I ^cUill cU^ j jjjAaJI c^ULo tJ]j ^.wU j£*j 

.£jJal jl* ^till £* <(100 nm j* Jj£l) Sj;!^ lju*n ^iavLaj 


CjU jjj£JVI 4-aj^ JaLLujL Lit jP jliUt • l_j 4.1 

Electron beam projection lithography 


^3 .JalLuj^L AoLiLall ^^A ClAjjjJ^lVI A_*ji. LiSl JO jlill ^JUI ^j]Vi*\l CjAa 1]1 
.A_i* £ j^A ^gic- jl Ja*l]l (J*l£l 6 Jjj-sa AaliLujV £-ll3 ^.WA J ^aJJ <aAL^AI &CA 

AljUL*) \,j u*n AjJai^-Lo jIjj AilA£ A *AViVl c-l^A A-*.W‘‘u*i*I 1 jJjj-ali]| A ^JVil jj 

jjjllij iJ]j ^.g'Vnj . JJ^t Jjj-ol Cljlj J (a!£-uia] 1 cil]j jl jjjjIo ^Loj^. A-dajlj 

^jjla]j ^-gjojJ jl g-1 xC-a^\l AW /J jJaia-o 

(^-o j j£jLJI cijl jCWj oijii ^Jc. (J^j> II ^ j . ^1 ; . dili ^ ^ j ^ \ ^ 1 

.lj£-o-a 100 nm 2jUL.il 


Elecgtron Projection ) jjlijjUJI U«jp. UIL.I Ualjt^J jl 
^l .'iVu .L j^aUll J l^iuki jji Ua 1 ■’ J-a'UJlj Ljj j. SjSa ciiioU (Lithography EPL 
s jUc. ^Uiil jjU t 2JUJI oIa J .(Stencil Mask Technology) uUiUjj ^Ua 2jl£ 
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A_aJ^. al IaI Jl . ( Jjailiui V I) -LaiI! J!iaLi L_3 Jll £-g i. t ^lx*o $.LoiC (jC 

(j! . A_aJ^11 -LaIII (Jill JllilLlj tC_jJAl! (J!)Lk Ja ^}AJ j A J^ill J J}J^I CllljjJi£lV! 
^3 A x*-iIaaII dl\j jJi^lV! (jl ^^^A AiLi Jail o^A ^3 A. IujLoiVI CllLij* x*all j)A S.laJj 
J^Yujyi JjikjaiJ J] (_£^jj (_^ill _)aVI fc4_i3 IglaUa j}A 4 _ia£ Jlji JjoiIIujJ 
Alii AjV C^’ (placement) £-^jil! jl .<^jjj 1 jj 

Ja*J A_i3l^)C Jill! dllaJal! j)A J£! jl 25 J! J x^nj Lg £jJa J ^ . ^>J ^jV fc A_lSl ^)C Jill 
j! ^-gIaI! ^jjjLi3 Ja ^JjVI -1^-11 diil Jl^a. ^^Jl Ji dljlij lg_J Al±la J^l fijlc 

liA Ai^JUl cj^I Jill *UaJ j ^liill Ji^ujj Jl ^il .70 nm Ual jc JJ1 23 nm Jl 

.£xd j (jOaJ (Jc* ^-aI , W‘‘n J (, aSji ^J! AjUli]! j)A 

(JjIjj £_a ^Jtisl Ajj^JI (EPL) CIiIjjjj^IJ AaJ^. JalLaij Liaise JlA jVull 
Jjaillujj AjUli] o JJa!Lg1I dlLla^jCllI ClllAlaj-Gj £Uill J i^juii A K /Iia ^Jc L_llili]| 4_ii_i L 1 n Jlill 
:(EPL) -11 ^USB Ac-li^J jl^ cillUj 14 .(J^t *LiiJI AijL aJU ^a) ^ItfS 

*>" n^k J ULi3^) LLudC C* \U*\xW JxaJLIujJ A-xial jVu*nj . Jj-aljiA]! ^.Laixllj Jx.Yu.VI c." {'u\‘n 
<3li^j Jw"n J ^aj) o^)JC Uk^jj^)A J^Lk AaJ^J! AjsUa j)A jilua p J^. iaib IaV ^J£j 

J!^^- j)A dlliUaJ ClllijJifi]j Aaj^ Jw"n J Sjlc Jlj *(^1U jjjjLlA 2 A£Lgjoi 1 ^a j^uiiLuj 
AjjIj J^L^. j-g diLijji^lVI jixiii ."Ailijai" aJc-VI (jjj c" j 100 keV 
JjJi^lVI ^aUaj A-lSLjaj A V‘l3 ^_fl3jJj . ^j-ail gIi V (j^J t^Luoxll ^C. ^gIi Lg^C. o^liu-a 

Jl J Jl (> Jclgj j Aii2uJI CjU I jjsiyi (Electron Optical System) 

J£j1 (Jc« ^CoLgIg LjJjSlI <lajujl^J ^Laixll IiJ^qYi .(^)J^VI ^jjl J] Ajjaiillj) SJj^JI 

.fij^ll JaLojl 

^ tlu£> ^jC» ^USII (j^^i ^(5.1 J^jill) EPL ^cL-al JI aII aJic.VI A*j3V 
jAj (SiN — 1 100 nm JIAaII J;^ Jc.) j^c Cili SjLg ja Jij 

^g <Al3^) A^Ja ^^3 La ill Jj^jolI ^aJJ »100 keV CllljjJi£lVI A-gJ)^, Jj L_fllijaJ 
Ljajl ^A c^i^l (j Una, nil ^ja ^ajjLoi^jl 250 c JIII aII J^Ajoj (J^) (_^^)JI ^^xll A_illc ^I^a 

A£LajuJ J .^.Luixll ^)A ^>1^1 6 Jj CllljjJi^lVI C* \\ xYn 6 dllj J Ji^lV I AaJ^I 

jl (Mean free path) Ja^ Jl j^JI jLolgII J Ja JUgI Aj^\j SjIc ^a AjIAaII Ai±kll 
^j^JI ^ j‘uj.ia' 1 J AaCla aLjujI^j ojjj-all J (JJ! jj^J! ^*-} • JSI 

. j^-gIIj aILLgI! ^ic AaJJI ^-gjujjj aTuaiaII A_aJ^JI t_aa jj (_^il! ^jjj-alil! ^ILil ^JLJ! 
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£_a j! tCliluLo (Jjaiiiujj £_a Ia! J\ A_uaij (_j£aj 4 £31^1 ^9 

.EPL ^ s-Loic. 


(Thermionic dAj aa^^. 

JalLujj , a. uu ilaljjLx cijLuj^c. A_Iajoil c ^. ila j emission filament) 

.(4 x demagnification) 4x ^ ajuUJI sjUU a-iILaII aSISjII ^ ^U51l 



AjljLoaII S^Loll ^-9 

. cliLouil jjLu ^Vw« 1 ^ ^aJa^j ^uij 5.1J&uJ) 


(EPL) ciAi I JalLoil Eal ^c. jili] UaWWaII AjljLaa]I ojLaII aaLu 

(j_j3 AjtjaiVl Liil ^)C. jjj] ^^3 gAA A-a."! VuhaII 1 g m3 'i A^La^JI A_x-^1a]I C- 


cJ^Ij lg_uij i jaJ! cc^VUJI j .(DUV lithography) a!ia*]I aj->^U1 

^^A EPL A-jlilll Al^.^)^JI aJLolaII .DUV II j cCljljj^)j£T}U ^>A J£] Ala. 


ciilunll cJ^-^ cJa*_a LaaIc. .(Throughput) A_i^.lljVi 

cl-l^Aj . (pLjaall AW /til ^^jljjjaxll ^jjjllill) Ail/uJ o^)^AJ 
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jlJ j j ajIjlIuiVI (j^ <LjalLQ c^Uu^'l Lial jt- JlA 

^ iDVn V 4X ^)Jjj-alill Ajlij 4 qjq^kll ^9 ^EPL) Clilj 1 -^ a ^- UJ ] 

. <j! ■' ijqx'i j c. qj\1£j ^9 ^)j| ^j-Q LgJ L<i] REX II (Jl£jujl ^j-o (J£-uj 

Focused beam lithography SjSj^l CjUjjVI ^ Laljcjld .5.1 


Overview 4l«Lui S jlaj .1.5.1 

Focused Ion Beam FIB) sj£>UI dUjj^l Uojp. Ual jc jUl 

^oloj s j S>ja (Energetic ions) AjalU dUji q* L y i ^ ^Lithography 
JiU. t>) (Substractive lithography) 2-=>.jjkUI Ual jc. jUU U jAdl 

<Uj jjl iilkj (jp) UaUdUl Ual jc. jiiiHI jl l ( - aa^ll ^ U , . ^ lr- dl^p 

CjUjjVIj Aj_jjU 1I dUjJ&lYI (_J-Q (^jYI) Jjalj!la]l JjaJI - (l 5 J‘ '~' r - jiuj 

. \ 1 ; • >'' j"U I 'aJj. j^pu^jll Cil jjjjjoi *Ual y (Real-time) ^UU^JI da^ll ^a ^j^dilU 



.{(jjk .jj .1 : Aial Jrf) a jSjdl CiUjjVI dya. ^Ualt , Jsyiaijjl jll 6.1 JSUill 
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^aAVuuJ ^.S^£^}aJI dljjjVI ^al)a \\ A-IjoiLjjV I ^j-aldJI .6.1 (jSxSil (jJJJ 

c> <jk aJjjI (Liquid Metal Ion Source - LMIS) 

^-Lajai J keV 11 dll ^joiC- ^Jl ^ja dliilJa ^Jj Ig-C-^jLd ^aJJ ^Illl dljjjVI 

cGa (jjjl SaIc. LMIS SaIa .LjIi 1 ujj^£ dLaiAc. ^ 1 ,) VuL t, Vig II 

^Jj L^L^JI <. qjqVi ^1 (_£Ajj L^.^a i^ja Lj^j3 bj)\^^. Ale. ALLuj 

4 4c.Luj 1000 (j-Q ^>^1 Vi^A^aI ^jAa^a!! ^)aC- AJ^J Laa ^jdddil dulj jluia 

AjAVI ^aJ .Jjjjdj ( _pa L ^l\ <_£jVV t LMIS aIja (j-o AjAC. Aj^.j (^ic. 

vlajoil _jldll ^JIa^. 1 O -0 dA^JI ^Ja-uj Ale. La^^ll 4_ijl_g_i]l ^)Ua3VI 

LojAaII £JJ (Jjj^)la <jc. tiiljj 4 (LMIS 1 d iI^jSa ^ llill dl jJoC. SaIc.) ^jAa^a!! ^^AUall 

(dU jj^U ^UJI jalul') (Boersch Effect) o^jjj j ‘(Lens Aberrating) 
Laa ^£1 ^vVI jjjIjII ^jj .Ljjj^l dljjj-aJi Cross-overs dliijSiA Aic. 

dlc.^)jjJI ^ \uti) Ljjjj£JV! dLjj-aJI cJL^a <jj^k xdll dLajjA^JI <alil£ ^ 4_ilc. 

^ 10 8 m/s 10 6 m/s ~ Sie) cjbjj&MI <> A^lkll oUd jfrl 

^Ic. Jj£ ^)-<i]l ^ ^ jUll CiliUlill (j]j . ^4 \l ciilj CjliUa 

^pll) ^jjVI (j j> - ol l jlkal (j^ .la. jX-o 10 A/cm“ ^ *— ^ $1' 

Full Width at Half Maximum ) s^ill l ~<i.Wii^ J^l£ Uj^ 

(State-of-the- *JIAI fcU&ll oli J ( 1 0 5 nm uj^ ^ (FWHM 

•art instruments) 


<Lailjuj ^jc. s^Lc. AjAjVq ill (FIB) S^^>a]! dlijjVI Idl ^ c. jilil ^jl 

jl t l_11juj j!ill ^J^)ia ^jc. IaJ) <Ld — A LVi 4,m II ^Jajaj (JjA*j l^_ia ^aJJ <xj\j!a dld^J 

(Pixel-by- ^Vill ^j^la ^jc. (<*_iIaa]I SaIaII jl 4 Loi^)juj^)ll 

^3 (Jl^JI Ia£ i\ g*i3M iLj oA j.w a AA^IdVI t_]» >j Iaa j .dljjjVI ^a^aj Pixel) 


^jja3^j (_£-^l (DWEB) dlij_jj£lVI Loj)^ Lsl jc. J ± iL o^)AuIja]I Ae-LiLlI ^j-d^A 

dlijjVI Lo^^. Idl^c-jiiJ ^alj tDAVEB j <jjIaa .4.1 s^ill 

dlijjVI dlc.^uj l-ujoij) (Blanking) ^jdnyill dVA*_A ^paid (FIB) sj£^)a]! 

* 

La^_i£1j 4 ( a^jL*a1a dliiUa ^Jj ^^)ld Iaa^c. dljj^jj^lVI dlc.^)jjj ^Cidllj <jj)^k ;;,a1I 


AjiALaaI! SaIajI ^jAaJ^tj ^al ,) Vui.ll ^JJ i." n*\ D^JJ^ll AjtjlAAll oAIaII dl_Uajl_ul^J ^jl^yi^J 
SAc. 4 _i^.ldVI u/i"i 4(4.^ n^ijilll j Luj^)jai^)ll (_^l) S^ujLa (JjA*j ^-aIaj .dljjjl Va^^J 
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jIxajqj tj?\ EBL 11 <jl yuj.iV I ^ u^j .EBL ^ja (J 3I ciil^A 

S^£^)a]I CjU jJ^l (J*i>a ^UaSl AjA^. (jl ^3 — Cljl ^jJA^jlill <_ja Clll^jJuC. £_tJaJ 

^ Halil (j«oVlll j C6^}£^)a]1 Clllj 1 dlLui^-o ^)Ua3l ^ja ^Lils ^>^1 SaIc. 

cA-J jVI c^Lujoi^JI jc. CjU jjj££U (Backscattered) Jlxilll ^ iu»n dn^) 

^ A^jLuia ^iaIaII Cjljliluil (_]» ~>J Laa ^AjuLaaII oAIaI] lill 4_lLalA £Jjoi jJJ 

<_£Aa i. > tua) LiSl jt. jliM CjU jj! ^3 L_Jjl£ill jjjIj ^3 lAA Luiii .£_aal j (jUaj 

fjij 2j jllo L_a^JI (Lateral straggle) ^LJI jjiallj 4 1 a*. j^-oSII tiiLjjSfl 

(_JA Cljl^JJOlC. ^1^^ ^)A Ia SaIc- j J^^)£i]l J ^AaII 4-l^.lj (j-G ClAj J_Jj£lV 1 

jjl jjl (jA c_a!aaI ^gic. ^j^axJI JalLuiVI CjVL^. ^ 30 keV Ga + kiilj jjV dil joa^jUII 


<_ja AjLi^yji A-i]jl ^aIaa! ^La^^^La 1-g-jl FIB Li3l ^)C> jllil! d^jaII (jj 

A_uj^)jaj^)]l -lajl-Aj (JjAxj ^3 AjuLaa SaIa ^J1 Vj ^li3 ^j ^l‘Wt V c^l^JI oAj.W a 
4jjJ)* 11 Aarj^Ii'l j (Throughput) Aj^lajVI 4jjuiiJ^)]l Ajjlll C5^J ,c . \n*ij^ll jl 

^ iLti'i ^lill j (Ga + 1 g a)^» a SaIc.) LMIS cJjLuj (ja*a ^1-j^l ^l^jV 

<jl (j^AJ jl 4dj^Li-a^A]l ^ fl\. aI^a (Dope) i. t \\ An q 1 (j£aj j cl Vlg 11 ^k>i ^3 o^±& 

s jl j^. “La . ja (jLa>Sn <_>« tji) (Eutectic) j\ $ . .Vi VI Saja^. CiL £ ja g^jj 

.AiA^HuLall aIj-aII AjAxII ^3 (A_jJai^Lo ^ Q ■ ^aj' 


Aa^lojVlj 4 »xuiLuiVl CjIAVI .u . 5.1 

Fundamental mechanisms and throughput 

^ (Patterning) Iwn'l jijj j) cA^ ^ cij^I CjUVI j! 

:^a ojS^all CjUjjVI Laljc-jjJ 


Jliisl iji.,m tlLuJ (Physical sputtering) LjLj^iSl ^jSft aJVI 

s^jAL i _j-Q CjI^aII i. Q ^ ^3 CjI^)A]I ^ic. AjaSLull dlLijjV^ Jja <iUa]| 

cAjjaII A_liill j A_l] j^\ Alllj _jj v il JajLui L q! jj caJj£1I j tAiUall jIaLo ^ic- jjj 

Ac-Lu^ai] A FIB A^alajV ^j\ . < SA^JI ^3 A-pLuu^ll I ari/l J t A yijl j 

keV-25 keV j'-La (Ga + SaIc.) kkaLo. caU J ciilalL (Nanofabrication) 
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2-Ljj .^A^JjaaII Al ^a 31 ^3-i* a! ^ l&A^. do^jo^l A ~NjVl n^k 4 50 

1 0 run ^1 .w'uAj 3 0 nm ^gJl do^A^^All ^a^IaII aj aI*3 aV I a^3 aL*3 

ciali jjVI ^)Ijj (Tails) 3 jjaSI 3* gptj ^liiujVl ^ (j>*jqVlll) ciali j3 ^ja^a 

. (c. V^.ll ^ djljjj^yU jLoujVlj 4 a !1 ^gi 

^ jWj (_£ jx>ic. jld 3^-3 ^ . c > uotijoll AII^-aII - C laljjjVl Aa 3^ 3^-^ 4j ilMl 4-JVt 

<&*JI ^clajoa JJ 10 mT-1 mT ^3^* ^ L ‘* ^ ^11 g^ljjl ^gJc. 

(_£^)Xjo l L_J^jj! ^1 A Vu3j (10 5 T — 10 6 T ^^3^ ^3£' 3i» >^il SaIc- l_aa1^)a]1) 

4£^g_iai3l (j^i* \ A^»jJalj jiC- A1 i^Jjola]I “FIB ILj 3 \)“'J& AJLsaII ClaLalVl 3^3^ .£^3 

Chemisorbs LuLajS 3^ 4jjIjaj 511 3 j-31 3 a aIjSj 4 '3^ 31 ,vli»j 3^1 j 

AsUall ^3 jJJ 4 6 3^*3^ ^glc- *3* J-JI dU _ jjV1 Aa 3^ -^1^*3 3n^ j . L Og 11 ^Jajuj ^glc. 

A-IJAaa 3 ^a] 3* 3 1 . u *lP L 5^]j tAjJ-dxll SaIaII c^K^'t 3 ^^ C-Aj ^gJj ^g-3aSJ Laa 1_1x3^a 

4 a£U c3a 44j^jax]l 3 jaII (Fragments) Uid (Desorption) J^l Jl j 44J3I& j\ 

f .♦ .♦ is 19 20 

dll±uj^<i]l ^ \ ^j! y L_LLuj^)j]l ^ Aju .J j ja-\ ^ ' 1 Q ■ ^ ^ .13 j ' ' . a jaaaSI 

^ ajijLIII ^IjiV! jj£I i(j£3j (Literature) iislu.il 

.aLUJI (Metalorganics) <ji*JI j* i_jAiII j jn.w till j 4tjj£}lJI 

jjjall j) .(Tetraethylorthosiliciate TEOS) CulliLsjiijJ JAill jl _> S i O 2 js 
jIjVI (^a AimjlaJI ^1 jjSft (Resistivity Al» jtLall ^Jtilljj) « j^' ^ 

^xlluj Ia£ 4 4,3 ft a 11 AjjjJaxll SjIaJI j AjjIjjjVI Aa 3 ^^ 3 *° ‘*— j3 ^glc- 4JJJJ-31 

nm — 50 nm ^1 ^^. ^^3^3^ ^a^IaI] ajjI*J 1 ^LubU ^gi3^/l ^J1 ajjoisLIa 

_jL £ j ^3 j^ 3^ 3^ ^cjlj ajIjlIujVI ^j>>jqVtll) 10 nm ^3-^ 3 ^ ^I^VumU 70 
3'Vtl ^ uclu ^ Iaa 4 l V^.ll j>*ill Ail 3-i 11 ^^ijLaJl ^33111 ^ja^-aII 

. (^joijI 3 ^^ cs^ d jIaII 

4<xjl_AA31 sjIaSI 3 jaJ ^3^.131 A_i33^3^ ajii" S3^_> a 3^ j^VI <a 3^^ 3^^*-^ 4 Ml Ml A.JVI 
Jl .A_ijj 3^3V1 j ajjw^II Li^l ^)C. jlilll diLuSM ^oiLia (Aanalogy) ^>3aljj ^-a 

3 U 4 4asI£a AiUa dal 3 dalj jjj^31-j <jjtaA 4d^Jl 3 ^^ AjaUJl dili j3}U jj» > ✓ill 31^3^ 
3 j ^1 3£j 4 !^. 3-3^ 31^^^ ^ 11 3 a 3^3a cA^. J 3^3 AiUall 3b 3 *^ x - g 

3 ]^ 41a^A j .3jJ&1V! ^ » j3i"lj,ij Iaa 3 ^^ AjuIaaII oAIaII A_ila 3^*^ 3^ ^j3-i*u*n 
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clalc.^. (Jal ojlc. ^^A AjljLaa]I ojLaII A-iSl'n-dl Clllo^a. 

( _ s J_jJl Ls ijb{\ (jiajjxjll Aic- 20 nm (jjJ (_K>JC (jf- (jlc-i . (jjJjfLWJ 

21 .pmma iv uv 


jl 4_uj^)jal^A]| JiJlC.) ^JjujIaa]! JaAJ ^3 dj V -1*-A (j] 

<jlilujVl ^ ^tldl CjU jJ^I AJaxd l^_9J^)*J ^aJJ (fi.1^.1 ^11 Adlill Ajj^J^>aSI 

Cllljill ^.IJLJ O^A (\A\\ .<L-ali L_lljuJjjll jl "Luj^)jal^)ll 0j\Hjj 4 Ajj')-1a'1 

o^A Aa1*jj .Ja3l_uj Ga (jjjl (J^l cA-iic. C n^i^) jl 4L <iAg 11 ^Ja-uj ^^ic. ^>a aJI^aJI 

j ClAi jjVI -la 'Sfjljj 4AiiUa]l J (^ 5 -^ IAajc-I jjjLlaII 

— 1 ja. (jjjjbdl L_iiiuJ^pllj 4_uj_^juo^]l ^Aijj »Aj|jj ^d^lj W ^g-ujAl^Jl J£joJ! 

^-ojou lAAj dceV 11 dl^dc. dilflUa diljj AJaaLaJI Ga ClAjjj^l J] Ay*dllj 10 

L_LQ^]^£^j\j (J^l C > \X^A V J^fLiA _jLalC. I AjtjJaJ ^A CllV -}*A Ale. j! ^aII UulJJ j! All _jlj 


nA 11 cjl^jjaic. v-q ^aj ^^jjjl ^^^j-aal £a j .^JaaLaill ciAjjjVI l>a 

d jaII Jj /^'J ‘(State-Of-Art Instruments) AJUll Ajl£ill dli dl jiai 

v-q ,v'ix>"i aaIj ^juAi .ia.lj ^ A-iic. j .10 jam S v* l£ caV -^*-aj 

10 )^ (a^x^a!! cijl ^La j^)£jLo]| cIjI^joic.) ^1 (10 nm) (a^x^a!! C1i1_j1a jjUII CIjI^joic.) 

.(Jal j! dalc-Luj »>i) ^1) aJ ^ kxA a_i 1 a^ dil^iij (jam 

(Alignment ^likx-aV! ^ ^ \\^\W CjV^*a cij^' <11^ <-oj 


^a (jijj iajljjj <jjiIaAll accuracy) 

A 3-ax ^u/i.al JaAllI ^3 ^uoLs (J£ Ijj tl^£Aj -FIB ^ ^allal] 

(Jj)^u<.)3 ^lx^Xjq <Jjou]Ij D <3^j (J-naaiJ ^jl (FIB) ASi ^Lo^aJI 

jl djlsLilax-aV I ojlc.1 (.fyn t ^llx^alll ^-0^11 


^ iJ l (Stage drift) J = D/d —j cr !^*j 
Ajjj^aJI Li3l_jO ^g-AUaj AjjIaII ClaLoiLiill (JlaJI <x : nlaJ 

^viuii V (FIB) a^a^^. Lii! jilil ^ u^Jj t cijlj I j 

4_A^aJ\j tJllLd! LS^") ^ > ~^V I Cljlj dAqnlVi'l ^ ojlc. 

(Hard drives) AjL-all cijl£^)a-A]l ^a 4 >> n*nJaljjt- < dl /$\ 

lA^jj^)£j ajlo ^aJJ V ^Anl^jA ^)l^)iluj| ^_jLi-A l^A (Jaa v] »^(^^V1 

a*aIv ^ jaII FEI FIB 200 — ^ 1a .FIB — SI 4 a)Vi1 ^ 4JjLaa 

^^3 lIjI^j^LoJuI o^C. (_ja L_l^)jaj ^aJ3 A Vi U^ -A ^ ^ cj' S_la_»Jaj ^3 d j n~s^)j3 
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Vil 10 ^1 ^i] ^ju/il l>° 3^ l-^-o t ~ ( A/min) 

3-a ^laLg ^~n (." llM ^^Lix-a i^_fllilaj-£al 3I t^,'uj Laa^ 30 11111 1 c_fllilaj^aj 

.(100 nm 0^ cdi k ^->\ *^C1 

44a jSf (jjjjSiit < -A ■ jia " .FIB aJ&uIjj m " (_ji 4_Lsji 2.1 JjiaJI 

0.5 3 j| > ^ n 1 m jj Jjjca /jial jjSl j-a 4 «uij4ij^ jt ^-a^La 1 aili^a ^xuaa 

iaJ! ijc a Jit jll dli (jA ij*J Ja^j 4 \natt 44ajSft . ciLjjjVl jL 4! nA — sec JSJ jum 
JjxaI J4a2VI (j-Liil jjiatjiiL D/3 (-itj^lfl Jal£ CiliLuui ^aiuaj ,j^jj ^y^SVt 

.1.5 nm/sec ^tja. (JljaJVt 


<>j 

jjiusult 

(J^) 

4j jjJt 

LxL ((im) 2 

Jie 

^-a^lall 

(nm) 

J* 

4_a jaJI 

(pA) 

^alalt 

(nm) 

5 

30x30 

10 000 

300 

70 

100 (1) 

120 

150x150 

250 000 




5 

100x100 

10 000 

1000 



120 

500x500 

250 000 




7 

300x300 

10 000 

3000 

6000 

1000 (2) 

70 

1000x1000 

100 

000 (3) 




7 

1000x4000 

10 000 

10 000 




* * 500 nm (jiajas j *“■* .100 nm *'* ^aiLia 

(3 > a ) 
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Aj^AjII ^1 , W‘‘u Aj cFIB 11 ^^3 (jl C_fllilaA-al l.^g 1 <j^AJ 

l^J t j£-oj .^la j £ ja J] V^IL £$jJ\ (Secondary electon images) 
13 ) -AaLuj U 3*^ 1 )* ^a JaAlll 13 LaI-qJ (^_3^2kJJ V (jl L-iUoa!! 

^lj A-iualllj (_)Ail J tig \a <jj^ 11 dill A_jjaij ^la^AaII L_flli)aj-al A33 _La33 l_)j)U^a 11 <jl£ 
3j^Vl C1 ij£a L) -0 ^) 3"i h«o jl <_j£aj tAiL^Jl &3A ^^3 . (JaAlll ^3 ^kl ^-aIa (_£ 1 

tCjU jjVI Aa 3^>1 *^1 j cJ^-^ a_11a£J dn^; ^.aLq 3^ ls - ^ (Dwell time) 

^3 4 jIa* 11 Aj^UII ^ja A_i]lx3 ^p^l £31^11 ^3 dlij QjfLjj .Ajli^ 1 ^jj* ks\ ^laIaII <jl£ 131 

dj j£a!1 S^i^Vl AlL^Jl Ail dill . L t nmjqll Ajjj^)la ^^3 1 g \a ‘Luj^juj^ll Ajjj^Ia 

Ua 1 iuh^i t A \\x 11 ^Jajuj ^ic. ^ja tj? jks-ix 11 ^j\A, til 3 ^Jl1uj1 ^iaIa (J£j 1^. (Jj^lall 
133*11 a l^JJ^,)- 0 i . lUVnl Jlxill l_liuj_jj11 cJ^- 0 ^ tl^A j . l_iixjj^jj 11 A ^3 L^-jJalj 

3^ (jV c^iaIa ^3 djl&jdij dill (_£3 jjj 3 ^ U^ -4 ^ .^-3a (J£ l 3-3 ^ Aa 3^»1] 

AIx-sAIa A *«o n (J£ £a 66.13*331 l_11uj 3^1 djldad £-^a^-a ^llillj 3jA Uxi ^--3 a (J£ 

c > t'Wnx+i tilLJI o3A .IdLdl^iA A n* 11 dl^^jj ^jl l^_13Lk ^j3aj CVn^w ljud A-Loj^ 
^ 6 ^ulill jjVI 3-^ 3^ U^ 4 ^ D dlia. i.t m — D/d ^llx-alill ^^-L-saSVl (j- 0 ^ ^l'^“ u * | l 

*3tc.j A33 ^>^1 31 aIc. tilllA (3 ■^^■11 • ^aIaI A_j ^’^ajoiaII 

331^. ^3^a11 (^-11 -laJjJallj 3^*j 3^ (Array) A qjqx^ll A_i1\j!1a 11 dal ^la^Jl 

C_fll^)^jVl A_L^.^)aJ Aj^)Ha l-Ag_A 3Lolc. 3-J^ C5^ ^ lj3^ j UjI V] 

A_aiikA c_fljLix-£a ^ juAil ( x_iL-saiill A_L«3l aJj-^ u]j . li-oUaj ^ic- (Stage drift) 
^3 oUaxA t c_fllilx»-£aV 1 fi^lc-l CljLALallA ^a ^ja 13 ^ 1 ^ 6 jjllLalll (_JA (FIB) <L-Ijj 

.2.1 Jj^ll 

liiA 33, }< c ^gj^ll A_uj^)jai^)ll (Yield) 3 j - a l-^ 3^ ^ t ‘“ t /i’i^I ^^3 tlj3^.j 33 I 

c> J3L1 J jjSj 3I 3 ^aj (Polymethyle Methacrylate PMMA) c^jVjSI 

dAi jj! A_Lajujl^j <jai^)di^)ll Jaj_^jai ^_jAjJa Ajdliilll A-uj^)jai^)ll ^cjl qa (100 — 1000) 

6^)aL 3^3? j 3^1^ lg_jl ^gJc. iLSJl ^dlill l^A ^ aJ^jj^aII aJVI jg h ,, i .Ga + 
1 g '^1 j t (100 nm ^]) Ajjj^joi^aII ^a31a!1 AJlyuA ^ja dill j .d±^jjaiA 3^^ ^3^ 

^)Ua3lj u_fljlij^a ^ ll 1 W n ^a) 4_l^lliiV ^ojolj 


<iuj L(i£ ^^10^ S 1 CllV Ax_AJ dll dl^joic. ( _J-d ^LftC-lj 100 

\c \ ; 1^1' ) l-« (^3 A j^dij c_lll ji (Jj£jol 3 ^iilaj A_1 .7.1 (J^ dll 

gj Adiald jdd L« jAj i^jjUll (jiiill jjL j (Microcontact Printing) ^ jj%^l 

.6.1 Sjaill 


■\4 -1 


nm 
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(j-jjUaj (Atomic Force Microscope) AjjJ Sj 3 AkJjj S j>*a . 7.1 Jl^Il 


(jia JJU (JAJ ^Iaa.Vj il pA A^»ja. jLuj FIB — s (j^ajauil l-jAC- (PMMA) IIua Jalw 


.(fUjaill ^^jIjjjaVI «a 11 <ja j^Vl 24 <ja) .^aU Jil 20 ps jl«jLaj ^U-u&U 


6 AjljL<la]I SjLdl cs^ \h\\ (FIB) Aa^)^ (j^^j Lais 

Jt Sjlft 25 (30 keV Ga + J) a^L ~10 12 ions/cm 2 ) cAjJ ) U 

(j jflj (jl £ 3 jjj t I - 1 ia ]1 C‘ n*\ j)A j . djlj A_x-aLk]l dale. ^>^J 1 (jA } 

Aa^^. A_Lajoil^j Ac.\ ,\ l~xW (jA ^^)jujI ClaljjjVl Aa^^. A_Lajajl^J AjljLaa]! ojLall I^JaVi 

c> (Energetic ions) ajjSIUI CihjpA W-ka JiiVl dAc-jJ jl V) .cAjjj&tyl 

Ac._^juia] 1 AaUall (JjVn Lade. ^ .ikl ^jUaj Q Atk ^ AjA^aII A3lk]l dall ClAj 1 

Sj-4 10 5 Ga + (JjjI a_Sj£ (jli t0.5 mV^ ca_£^. AaLL Jl 1$ IaK) (jj^ AaII ^n^ll 


(JJ^Jj£lVl AC>^)ja: j)A (JjdlXJ Lkl (jjjl AC.^)jalJ ciill ^. j£u 11 ] 6 (jj^JJ^]Vl A_L£ (jA ^)d£l 

J (Blank) l «j)Vn\ ^j£Ul <ja jll jl ^Jxj Ua <(Two Orders of Magnitude) 

Ac-Likl (jla i AjIaC. Aja^)Iaa£j . ^)jj£j ^)j£l ^A ClaljjjVl Aa^^. ( xjJa^AJ SjIc.1 

UaljC. jliUl j)A ^^JjojI SjIc- ^^^A dj\jj^)J^]yi Aa^)^ kl^^jLlL S^UlllA jl (JjalLou]! ^^ic. 

. daljjjVl AaJ^. aJojujI^j ajuLaaII SjLaI] 


Damage mechanisms -£.5.1 

Sj£ ,jJI CjUjjV' k^jp. Lai jc. jlil] ^ujjllj ^LuVl (drawback) JjjLJI j! 

^3 A_a, W xAiaII Clili 1 j Cali jJ^i]l (jl (j^ (j -3 . L Og 1 L j^.jUl ^)^)jJa]l (FIB) 
. ^jojIaa L_fl 3 ^_Il cjl jl (J^-a (J^j o^lc. A^l^ AiUa 1^1 Lial^C. jlil]l A a)Vi 1 
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J (Point defects) Ajlaij ljjjc. Ai^ jm 30 keVGa + jJ j j J JS, tjU 

AiLaLA CAj (j -0 A_Jlc. (jli 4 ^aJ 13li . 

Ajj^L JJO bAc.'j jjjJalill A-illc. <alxlA (J^^ui^a]! 0aIa11 (J^aaII ^ja 

fijjjJaliAll aHaIa!! &3& 3-aC. (jj .Ga + 1 Ida*, £-o (dj^L-sa ^ a 1! 4_flLx^ajl ^3 

30 keV Ga + CjUjjV 30 nm J J) ' — a-igJl J CsLjjVi ^a« £_a Ujj£j (JjjUaJJ 

S.VtAA L-JjJC- d_ll £_A 1.1^. A_ilic- A 3-ad (jl qa ^aC'^)ll LT^” ; (Si (jj)Y^ x ^ (^ &«ijlj 

^IjaII ^ (Channeling) ^31 ( 5^3 £-* Vj 4 jj£I Jj-ac- 
jjjjall Aiiaio Ga — U (Atomic Fraction) c$j33l *j?JI ujfe^j 

Ij^J (j^AJ . 4. Vlg 11 oJLaII A_uJjdl^)]! ^Cjli J& Y dlj^k 1/(1+Y) I LlJjiSJ IjjLoLA A_i]jVI 

uYk-^ 1 ^ ^3 4(JLi<a]l (J-ifuj LT^) < Ldlj^)£^]| (j-ajL-a^JI ^3 jjjj (^g^Lstll jj^jdll 

4 A j^nl £ ja]| j 4 A jwnjVia a \\ j 4 Ajjj-aJI (j-ajL-^kJI j 4 ((Acceptor) J^Ia j& Ga d 

1 A_l^— uj A ^ < w i< c. 11 ^.a Ga II cJ^ 13] ls^) 

<aj dilliAj . a-^jIjaj^j^AII j ((^jjni^iA jl g il a^j.ij ^1 (Eutectic) 

(_£^kl AjjLiXA ^^3 3] . Adu^jdl^)A]l ^l^j^l £-da^AJ ojlc.1 ^A 4(_£^kl AJIjoIA 

jj W*<\1 (jdaa } .a jj^jll j_jdal! La ^9 A_£jLola Jj.1^. A_1jLxjj A \ Via a djlijjV 

(j-o ^1^1 ^al , W’ntilj ^caja Laa 1C. di.wMI ^aJ AjjLiJI d-AjjjVI J^U^a ^9 -iC-l^l 

l^Lo^jl (j3adj ^1 (jil j c(Less invasive) I jj^ J^VI j SjjxJI : U ; mll Cj! jUJI dAj jj! 

.^jVl L^dL^Iill ^aUaill £A 

jA 3 4C1l^Jjola1I FIB SLj L_iijujj!ill A_LxujI Li3l_^c. jjJILj IijAn'U 3^'L Laj3 

£ Aj (Jj 3 ^alc. (J^dn c. V^g.ll ^3 oJj.Wa jJallj I AA^yljlW jiax j ^)IjI d v*\A^di 
LiJ^j *^ c ' Sja) AJaSLuill CllljjjVl ^jJalj ^-LA^jl d' t- 

(J jjj (jl I3 a j .Aj-uj^j1a]I ojIaII ^3 ^ Uaxi^jjII ^dLj (jVl Y 4,** n^k 4 — 1/(1+Y) 

Aaaj)\Aa (> ^ A^Jalj a^^^L (Ramifications) ejUaljS JJ 

Ja jtLo ^ JaJI J Jal A_baj JJj tAj^jldl kljUJI jIjJI (Resistivity) 

(> A^ iJLaSI (j^U-oll 1000 |jGcm -10 |jQcm Jl ja- (> SjIc.) Aa^jlall 
Ga + j j'l <^lAal kLlka jl j .(kua ijj-alt aJjU 3I jlj-dl 100 MQcm JJ 1 M Qc m 
ilj j j - Jali j Clj J]l djl^jjjlj JJ j /jl jfLaj <*jLa-a]l fi^Lall dllSLaxu] 

tAjuLo-all fijLa]l al jj U JJ ^jl j"> AV I ^j>i» j (jJj tA_*jLa-a]l fi^Lall w ' ^ Ga 

■ " 'I 3a* ■'■ ^ ^ ^ -Aju La-oil o jLoll ASLoooJ ■ ^’ ' /J*_u j 4 Ll^-oo Jl jj G (Ja-V olj Jj ^JLilL j 

.kkaLJI CiLjjVI (Paremeters) 
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Other factors tij^S .J.5.1 

t o j£ ^a] 1 Cllj jjVI LcJ}^. LL^laJ xjSx^aoIl ^_2 LAjlU S-lLc A jj^aLa. d]Li& 

S3 ,j3^JI A-ojpJI l_j J ii lil j j <jc. ^U3I JU1I (Depth of focus) <_s jjJI t>«JI 
i> LPL J- JiUaJI ^jj Aili Jid .(Limited beam convergence angles) 

- (I) - 8. 1 JSaill AJjjj la£ ijuaai j 100 pm (> cSJJJ 13^ LS-^ 100 nm 

( j - a i L c'l . -a 33c- cl a l_ridV 1 Lille. ^ a U. . . ^ lr_ A-lllc. LiLiiuAj LLajl dlL ^-ojolIj 

JSJill J jdiA jA La£ n» 11 Aa n>ij jl A_a j^Al jj£jj .aIxj jl A_^L^A1 jjJ 

LiiljO jjJ jl Ajjx-aJl l_i3ljO jlilSlj 1.1^. (J^*n 4_u-al_k]l cAa ujI^ -M-8.1 

.oAudJ S^J.W A Ajjjl]! (jIaO-VI jj^J t ‘“ 4(JjJdLaLill ^^Ao CllljjJj£AVl 

.i^. ^A1 ^j.wa tciilA jA ^ojIIj FIB SI Lsl jo jlJ AjjjII (JL^-a jl 

JU-J A^.Luia jls c LLoUaj 1 00 nm j* Aj jj-^j dAj jj! Ajly'uA ^^Ao ialq^llj . 

AjuJaj (*\ n» 11 jjJ j* 4 .1^.1 j ^-uia A^jaVAI A_^.1 _uia 4^1^ £_ujjV1 

^-laaSI -Lajlxk ^^3 A1 Ah.a l*11Aj ~ . A \\x a A g ~n\ (Jill SI j-a CIjIIa 

jA*Al £-q u^j »A_ijjjVS CjIjjx^ AIj Ljajl j cfo jjVI A_a j^. (Raster) 

AJlo .1^. ClAj W 'iIj jl ^ ix j tiilA cAIjLuAI c jiiAll ^3 c_fl jj^sjaII ^AIaAS (JjjJl 

.AJlc. AjLilujl ^.Ij ^-uia 1 g't-yWi jl 1 g J^jaVi j^j (1 j-° uj.r^ 

^lo Ig'n' A1 ^ jx-sa^jj FIB SI Ual jo jiilS jjAuLiaSI A^uujjII S j^Al 

jJjj-aJ ^1 .) VuiAj 4L_UA-uji]lj Ajujjujjll Aia'i (J!>Lk ^Jjj^aJ Joa'i ^3 L_fllilaj^aVl 
oJj^.ja]1 ^a^L<A 1 L_fllilaj^al ajjlillj L*il3 ^j*jj .AjjjlASl djljjjj£JVl (Imaging) 
Jja*J1 A A^tl ^^3 .AJjjlall ^iL-salill AjSaC. A m 11 L_fll j^jl t.^i i c_fl^Jl i __ 5 -So 

Cjb A_ a j^. jA Ajjjliill cljlj ojj-a All Jj ^aJJ t(cljljjjl A_A j^. Jaisj ^1 j]| 
ciAoj^A j^-AJ j^j t( - ,<a '^ 11 j-° AjtJujlj a qjo'iA cijjSj A_ij 1 ^a 1 L^ilj .A_iljVl 

^gJjl jjjl 0 jjx-^all ^^gAo (Jjj-aaAl L_Jj1uj1 ^^3 1^. a jj^ jl ‘-lAi J^^l 

^.a jjjx-alill jl3 4 1 J .4 fl^Al jIjaSj djUajajjAl] AjjjIj djljjjj^lj o^O -ASjJ 

ojUiV 10 cm" Jlj^. (_3o el <■ ilL'n clO nm (j-a AjliLuil 

Lo jpi. ^ II ^ j v . . ^ j (jjjl) IT j3 j-aJI 3ja*JI A_LSjl ^3 . (^J c_iLq c-l-^ajJ-ca 

jj^L^ill jjli t(Ion and field emission source electron beam) oljjj&]) 

3JC. Li^Ic ^)]l j CL l^lill 1 . LLlfcJ d ^u* a I tAjUtll IdlLa LlljVI dllj ^ j'l^ IN’ I La Jpa_! 
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£a ^(JIaJI .AjjLjaali 4_i]txJI ^LiiuiVI \Uj.n Ljajlj t4j C_J^C.^a]| 

^a^A-II £a LjQx^j L_fllilaj^aVI S^lc-j ^jli C^juIaaII .}I^a]I Cijl J V^'l ^a 

Ualjc. jlill 4 juIaa]I a jIa1I (J^La. 4j\aC. ^iC. ajixJl ^3 AajjjVI jl 4_ijjo^VI 


c > lUtij Ljajlj ^^j^IaaII c^IaII ^a <xjujIj <alalA i. > ^ u*n cFIB II 

.<3uLaa1I oJIaII c." ^ Vi Ljj^)a V (j! O^aJ (_£^l ^-a!)Ia]I L-fllilaj-sal 






^-P A Mill ^*15 




I jaAl) 4_a3 W 


oa) FIB — II <ji 8 jjjil £9 jaj 4_L*JI o^ MiLuiA]| j-a ^ l aIaII jJu (I) .8.1 Ji^l 
CaaIaaII FIB — SIa Pt (2hH^MI (v) • (ftjjdil] cr^ jaaVI ^aaII oil ‘23 £^ja!I 

ja ^3|j1a c 5 cm jj£8 jia£ t j^aj lj! J j c_A Alb SLJuxa AaaLaJ Vjj.S*J AaajIaJI Jj.1aJI ^ic- 

jj£jj Sis) ojJ <> LU&lj J>ua]| Jjaa. Jaaauj .30 |Lim ^liijVI yk Jjji 

.^aIaII JIaaII JaIS 100 nm oj.j aJUIa! JsIIaJI . caU jjVI v*ja 


(Secondary Ion Mass (SIMs) jjlS gJji l-aUIaa vJ^I JaI£j 
oa clA^ s jjaaa AiJa ^c. <^o^jll ^l^iV ajI^aII <Ia^ oc. c. w;£'l ^ Spectroscopy) 

pl.^^il CjI*IK ^glc. oAaIxaII jI^aII <x_nla o] cLAaC. .CllWulajll ^a Ia_j^ 

Sic. <ailA-A jl ja oa <aaU1I AjjjIaJ! Claljjjp^iyi ^ Clalojiull ^ixj ^j^IaII ClAjjjp£JVI 

IaJIc. I^aI.W'u J O^AJ L_fl^JI ^ <aili-A (J^IaC-I 


69 



^gA ^Ajo^J-^J! ^ )aA \\ FIB II l_i3l ^_)C. j!lill A_1 jjjLujI (_£^}^.l S^lA ^StiA 

1 ^a\a tiilLlA (jl -l^.j -^3 c!^£Aj .^ u^aSI JaAill ^^3 A-pJll g-Ua^VI x^i“i ^3 

AILoIA l^jj .A-idl^-ill 4_iAjtASI (JjLk j)A j 4 <Lud^)«ujJI (JjLk (jA Joa'i (jjjj ^aJ I j| |j JLg 

lili . A_iSLjaj ^ia^Ia A_uj^)jai_j ^^3 (FIB SI ^-3 Ij^jj^aJ 4_sliSaj«aVI o^)^3 Jj I Jaj^ <UaJjaiJ 

Aiaxj^J 4(JJfi« jl (j^*-<* l. oJa (j^AJ cUa^JI jjjJa (jC- ^^sLjaj ^aLg (jjj^j ^aJ 

g.1 Ja^l j>^ ^^3 4_SjLaa ^r-s^k C‘ \$\h Skj I^A . AIi^JjaaSI — o^£^)a 1I CllljjjVI Lg^^. 
JaAJ J ^3 Aia^j Jl A In At LLxiJI ^_l^j-aJ ^Jc. fi^j-liill o^A (jl V] 4 Aj-uiJaSI ^oIaYSI 

diJUl (Jj^*j J t(JliL<ill lI^jj Jc. j -FIB SI Liaise. Jii 11 o jjj SJia 4 ^ u^a 

. Ajjx«JI Ual > jlilll <jti3l ^!>L-aj J j Jij j jjJI j JLiaSI 

Ion projection lithography ialiujj Li! jc-J . Ld — fe.5.1 

t(Ion Porjection Lithography IPL) CjL jjVI LULL La! jc. JiA 
^)jat x^i'tSSj JaYuaVI ^Ii3 ^Jc. g. j)a^iSI ^.llSV (He J H j A q jq*N Clilj jj! ^a.W'nti 1 
(jAjjajjj . 4 — fl-i^JI ^Ja-uj Jc. a^La^SI o^LgSI J fi jj-^a (j^JiS (Demagnified) 

^^3 (j-a^j (EPL) ClAjjj£JJ JalLjjj liSl jC. jliS (j*a^j Lg ^^3 aIaI^-aSI IjIJaSI 
( aA jVi ^ c^U jjjil^U jjjaSI Jixiill ^>) (Proximity effect) <-jjlifc]| 

Ailij (EPL) SI jli 4 < 1 ^,^)aSI oIa <^iL £a .AjuLaaSI S^IaII A_illc. cIiLiaoLoi^j 

JalLajj Ual JC. jill ^j^j-uLg Aaj ciiSLiAj . (l_j. 4.1 ojill l^j^laj J^l 

( jjs 50 nm Ajliixal Jj tMEDEA I aajujI tLjjjl J (IPL) CjIjjjVi 
1 g i^Aj AJa3l_uiSI djlijjVI (j] 4^ilaSlj “ 9 .4x ^)J3t A^a't ( x-g 4 12.5 11111 (_jia^)*j (JI^a 

j)A Jl ^Jc. 4*o^£^)aSI djlijjVI LgJ}^ ^3 La£ 4 (Jj.^xlSI V Jajut ^3 ^.‘iVuAil (jl 

• FIB SI ^3 Aalc. Laa ^) (J 3 I 6^)j^)jJaSlj ^A 0 JjaSI (jl 

Emerging nanolithographies ^jjjLU) LjUaljcjlil) jj^ia .6.1 

|j JC. J C1lg^3 j ^^jJalAll ^flxSI J AjjjUSI Lisl jt> JlA 1 o^J^C. J 0 JjJl2k dlLuij djLatj 

Ajjjli (Nanofluidic) Aj^jlill a_ixjIa 1 I (j a 4 c!j\ qj JlSI (jA Ac. a^. ja-saS 

Jc. ^alc- (J£^ djlilijSl a XgIju A^.Luia J-ljAtl j 4AJlc. A^IajI Jj ^IxjVI 

^-ujLaSI (J-g^aIS (.“iVntiASI Ja-uiSI (JjA*j jl LyV' iLI (Jij jl i^'l 

(J*i!L ca aj L CjLLLI oLa Ai^xil .(Scanning Probe-Induced Surface) 
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(Jj-aj Ml j Cli^MI diljjl ^9 Ajja^. di^-ix-sal i." n^>. a1^.^)-g ^Jj 

. j£aMI ^j^jailil aI^^-g 

J J jLiaSI (JdlLA^jUj Af-Ukll AlUlSj .1.6.1 

Microcontact printing techniquies 

JjS (> (Microcontact printing) ls ^LJall £- 1 jii.1 £ 

-t •» t * 30 

• 9.1 joili Aj\x» 11 a ^_1 A-IauLoiV 1 (J^l _J jQ ^ 1 ^j\ xA‘Al ^aJ j . j Ax. jx>~n a 

)ojx>V‘ll ((jjJl j 6 UJ_>^) J C<jjJj9 LS^" ^ jM' 0 ) ''A^J^xa'' Ajl^j ^al.W'uul 

o^c. Ja^ull 1 a& ^ u^i L<u9j .(Master) 

(J£ ^al . W'u J (j£-GJj L-llli pLkijy Clll^A O^c. AM ,W‘uJ ^j£-GJ 6 aIj 1 0-lC. jl tdAxLuJ 

^.W'uuaII AjLola )~>A*t\l l^A <jl . dll^A O^C. Ajlj .l^J L-lllii 

.JalLaiVI Ual jc. jlJ djLuij 

(FIB) ^ 5 -“^ M' IiaJ (') 

FIB c> J&Lojj 

4 ^a^LaII 
Si ’’(JAiJjll C_lilflll“ 


4-sJlc. ^ iSi S-^taJI (_5-ic. (Jjlxull PDMS S-^u' (m) 

”^U41 J PDMS uls 

4 ^A^Lolt 

Si J\ ^Ull“ 


AjIaaJI J jlijl£j^ \ > s^Loj PDIN^TS (^) 

PDMS ^ 

(Printhead) 

SAMs 

^3jl (~ 5 S ) (JJJj (^) 

SAMs ”j^>“ 

AjJaall ( jSj 

(”x”nm) a^ 

AjijVl i— flAgJt eJlLo 

La£ ** r-_ j; U.U ^a^Lall ^iuj 4 Aj 1 jVl (_jAAjA]| t e^La ;_A 

( 4 4 x- j;t-»-^' ^q^LaII 

AjJj'^n < flA^Jl o^Lo 

£ja &S$\ J-a 31 £^>aI 1 (j»a) ^jjSaa]! Ac-Lla]! AaIajlI ^Luajl 9.1 J^uJj 

.(Elsevier 
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oAc. ja iljm! (Elastomer) iaUaJI ja l_iH 3 i_i^a ^ t*lli jixj 

.^jaUjJl JaA^ll LjSl_jC. ^ila ^LoiIIujV cAII^JIxaJ ^aJ fcJjLuj ^gic. Jaa^II J ^3 Aj£aaJ 

(Polydimethylsiloxane J j£ jk* <J 2 ujj JjJ' J&Sn Jill Jalkdl j 

ajJIc. jjUaj sJja <1 .1^, ajj^a JaIxa (Polymer) ^ PP 1 VIS) 


jjj Jaa^II AjjIa l** ll.Ajm'N ^^ic. jl^ o.vi* a (JajJjJaj ^Jauj ^Ic. 

JaISjII Jiiaj (Cast Mold) u^ill L_lllis ^3 AiLiS Jl ^la!>Ia]I jl ^ a-q^iaII Air L^L-a 

^aLg]I -1^11 (j] ^Jixjllill SlC- A3^J Jilru 

100 (JiJ ^Jji) J-oj-la La^-aC- (PDMs) ^ Jill Jal J-ia\1 ^1, W'uuIj aILj J^aaII 
ja*j 3 jj ^1,'iVuuIj < 100 nm (_>« t ( _ s lc.l AiULJj ^c-tiLo Jaj (j^ojj *" .200 nm 
(jSJj 31, 32, 33 1 (Higher Elastic Moduli) aJIc- ^ jj* c^LLu* uli ^ ^ 5J ^ 
(Lower Jal jjkj J*U^ a_iL^ ( _Jc 4JUII (Durability) aj^LJ o 2 * 
(Conformability) <^jj jil JaAll jc. lJUII ^ jj JDU. Jal AiHa ^ju U* ^ductility) 
.(Surface Asperities) AjJHI jUidl Jx. Jal AiLlkij 


4j_*^=c. Aitki AiJiij t (Master) ^jjjII <_iSUJI jc (Mold) (-21511 ^Jj 
Jji^l£jaUaljJI£ ((Self Assembling Monolayer- SAM) ( *j«->i\l iulj ajjU.1 
fii J fr^UJI 12 a (Thiol Molecules) f l J>Jl diluj^ .Hexadecanethiol 

^)aJI Jx Ji jl i" n^k AjjU.1 aSaajjj AdiJa ^ja s-LaC- Jj^jliL 

£-g J jJdllj ^\)oa\ 1 ^JaUaAll ^jjia^u Sic- i I j . J^xaII ^-Lxuj tjl AliLudLail 

^3 Ajl9j^)a]I ^A^ytAll^ ^)AG^\l^l Jalaj Ja (J jAill C^AjJo 3 CL_lA j ^-kai 

I^IA . J^xaII ^lajoi ^3 A_»Jai^-lA]l ^JLgII Aial^All 

J1 L_lllill ^-ixuj Aj^^jjj^)a]I jl AjoiaIaII ^JLgII AdL-saVI Ax. ja^aII auVu2i cl_1 ^LojVI 

(JjjoII ^.^Ual (J-^xj . j j^xaII ^.Lxuj ^ic. (Adsorbed) JIaaII Jjilll I^a'^ 

CIjj^jAjIa Ja J^ ^a 0.001 c." ll aJaV'iW L_ila^)ll JuJaHII (JlxS J^.L^£ 

0.001 ^(Potassium Ferrocyanide(II)Trihydrate-PFT) ^jUU*a jjA 


(Jxoj R n-\ RSH AjjIjajS 4 *usi a] Ajj>>»c. SjIa ^jj^j ^IjajS t_i£^a (JjJdll 


(*) 


. Ac.jo'y a 


72 



f jja 0.1 j ^(Molar Potassium Ferricyanide) ^ tJ jJc A jj jV 

(Molar Sodium Thiosulfate JjAaISja Ajjja^I 

J] ^Xdl ilSli ck^all ^ Pentadydrate for Hexadecanethiol) 

A a ilit/ixi <iikj 1 jUoa lj| ^_kuj kjA*nl ^aA Vn*n Ajlili]| oA^J IaI 

Alc-li ^yliAjj AjIAIja)^ £_aj ^Aaj^Lg SAM Ajliila ^AklaL Ia^Aj . L_iAA]l jl AjJaslI Qja 


. ^)A)L±a (JkoiJ ^JajoiV I (_j-q £_uJ j (_£ Aa kjA n <_j£aJ 


rjj Laj ^ j_jSja'I Ac-kkll Ajliiil Ll^ydl j.wTi 

100 II Ojl La O -0 LS^ C5"^ C ' ^■^-'La ^Lc-LiLa ^ic- S^jAall ^1 

. AjI ^j!Lq AjI Jl nm 

Aa^^LaIj 6^-kjoil] AjmV'ig 11 (Jl^uiVl (j-o £ja!j (_£Aa ^^ic. Ac. Ik 11 ^Ac. S^)AiL!l ^2 

.AjjalAi^JI ^-kudll AjU J±1 £_A L_l]li]| 

(Repeat or roller aJa^aII cA\]\U \ j jl j£lll ^ aJLc. ^lA) aaI£a] (3 

.applications) 

Aj^jU! £j| jaII Ajlinkll JllLdl ^Sc. ijLuVI Ajj!>Ij ^juAi ^j^aj (4 

.Nano- and 34Micro-fluidic Applications ajjjIlJ j 

.^j!>Ia ^ x*mj Joaj Aj-n a) djuAt AqKll (jAatikjl (5 


4 Cl 1 ^ till 4 0x ^1 \1 AAj^JjoIaII I fll Q i ^ Q 4 ^ Vo il l oA^_l AJjAJJ^II A_ll_J A^_ill 

Aili& Jaj AAHaIj t^ALilujVi A-illc. Ajjajjj ^aLA ^ n^i l_LAI£j j .A_ALc. AiliLailj 

oAA (j-o ^£.^>11 LS^J ...^Jajoill AjIaJxxi^n (J_^. C-Alall £a A^sI^joaII l_Jj4x]| 

_j4C. AjtJ^jjujj ;Aaj!>Lq Ajlaj ^)3 jj j_jS)a11 ^la^IAIIj Ac. Ik 11 (jl ^_Aal^l t AjIj.wMI 

. Aj j^tll AjI jn^^a ^9 j t j_j5LjIa]1 ^jIALa (> _ 5 -k Aa-al_k j t AA1 £-q 


Nanoimprinting techniques (Jill) cjLuii .lj.6.1 

j Ui ^ JsVl 4 jS| jc Julll Clllc.ljla]l 

j jjA -iaA (jSSj ^ iljAj .(Nanoimprinting) J&\\ ^ 

(Transition J ^ « J ja. V jj jja r^.in ^ jjaJjj ^Ic. (Topographic master) 
^iajai Jj (jjujhXilt Jiij jl ^c-ojoli Laa 4^1^ jll temperature) 
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^aJJ ^^1 (l_Uxd 4_xJ a^dlA ^LiLajI £A (jl£ (jl Jj <jlid]l *s 

j! 1 j^)I^)^ Ia] L Vigil ^iAdl^J (jjdL L_lllill j)A 4_a-A.lA (j-al^jfjl j)Jj£j 

*. ([ Step and flash] "^&jij o_$IaV ^jliij L») Ciljjpja ,_jV t ..-li -ab 

V ^1 ^xij C* 1 *10.1 J<S*-J ^^3 A^-x-ia ^jjjLllI ^3 A-IxjjLujVI dal j)]a* > k\l 

jl cAjjx^^ll jl cCjbjjp^iyi <a^^. (Master) ^^-xaijj L_JUi A^-lix-a 

jnxnl L-JliSI I^A ^,lVu*n cilli 3 xj .<_£_^dl Ajal^)C. jjJ AjIsj (_$\ jl cdAjjjVI 4_aJ>^. 

Jj^jqII (jj^la (jC, Ia| cA^JIaaII AdLaC. ^aJU 3*J (^^iAdl^ll AjuIaaII oJIaII ^LudC- 

c((_£^)l^)^JI cilixxL^ldll j)A 4juLaa]| SjIaII ^Jj A-LxdlL) ^ L^.J)1I (J 0^)1^)^. (jjJ C5^1 

i ^ AjuS^Ij 4_^JIaa1I 4ju\aa]I SjIa ^Jl <ixd]l_^ 4 j-n nil AjuS^I <Jajajl jl 

(ji ixmll t/ j ‘(Anisotropic etching) ^lil^l J^^\\ ^3^1^ 

<L ji_jaAll a*jUa11 s^IaII a!\ jV ^(Reactive Ion Etching-RIE) CjU jjV\j 

.L_lllill £A ^_J_0A^>\lli\ (JA 4_^jlillj 

^ 37 ^ e 

<c.lu^» jali LoS ~ c 10 nm (_>« J^l ciiLoiLifij <c.lu^ ^li t^j jluVI lia> 

35 * ^ 

jjAj (j j^j^iaII t lalq)ax«ol ^VVi 3V1 j • C_L^Lx-a^A t, al x^*> il ^ja 4 nan^j ^ jIaj 

00 

ttdliS .4" uj^ aSISj ^ (Sub-micron inter level alignement) CjI^LaaI! 

^3 ^_JjjLl]l 3 I ^JA J CjI J^JAauI ^)AJju1a11 (j)x*lVill . 

cIa JAC-J . Ill A ‘l^/l (Jij ^3 AjIaVIj ^LulIlxXlVl (jjx*)Vlj CL-ljJxll Cjlilj^ 

<ilij ^r n^ojl Axllxtij <jl j3jjj cAjtjajl j AaaIIc. A_1ajJj ^Uaill AjcxjjI j dl Lillax ^^jUll 


^jjg.lall ^^3 CIjV 1 CIjI 3 j 


• Lgj jdll ^ 


dx_>Jal _ _ 2 


r~'"T 


■ v 


Jli 

AjtjLa-o a^La 


£fljl |k 


—) 


1 — ■ " f 1 

1 . r- . 

IV • 

• 

. , - • • .» 


RIE J=^JI (Jlial .2 I 


• I"' *T ’ ■’ ' V 


(j^> (jiVI 37 (j^i) (jiAiiU AjiljfrjliJ A£-UJa a .10.1 J^u^l 

.(American Vacuum Society) j-ljaJi AjSjjAII 
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^-UjLdl (jIg* LjUlil]) .£.6.1 

Scanning probe based techniques 

jL ojj 4^1^31 £a (J-oljtllll ^glc. L-A^IsIaII Ia^ ^^3 ^-ujIaII (Jxi-naII diljlij ^)3 Jj 

"a_ia ja 511 ^nl!" 4c- 1 u^i ^3 Eigler _j1*jI 4c- j^y^\ ^j! nuxiVI (JaxII ^3 ^jaVI ja Ia£ cojj 
>1^ Ui^ac. J«j 41 .(jiaj]| r- jLu^ Jc. ApaJI oljil (Quantum Corrals) 

^j]l 4na.ll £a jL^JI (Ja^aH (Ja I j (Jc\ij oJIaLaa l^iA ^Ic (3 (Jx.raqll £^.1 ^iuiIaI! (Jxi-n.a11 

4jliiuiU ^jl^ill a^JI tilli jjj . Jal jl 1 run 4jliiujl ja jj (_^ill c41LxujI jj \g ^xua 
s jiJI ^ a^:ua ^ ( *-n^ ^ 4lsl£ ^(Ultimate spatial resolution) 4nU^l 
jaI UL 5&LJ j ^LjajJ dii^ 4iij (Atomically engineered structures) 

(_^l c4jjjlill LlSl^C jlilH ^3 ^jjjIaII (Jjj^aII (_£_j^.I j^la (j-o <^<^xll ^Ix^nl 4 jaja£ 

42’43 . JjliLAl Jbu^ ja 3I ^Jajaill jl cAaILlaH jl 4±2 ». jaSI 4jjuIaaH oJIaII ^Ac 4c.l_i3a3l jyf- 
dll ^jjaiaj jl joa 1 .1^. 4illc. j j£j (jl 4 A Jo 'll I ^^3 ^aIaII 4j\,nxxiV jj^AJ j 

(Jxi-naII "4jIj^]| (Jjixa" j aihA <.4 x.aq-N*iA 4 j^VVil ^Lx-al ^jIju \g ajA-N j^Ij t(dl jiAjjlill 

j^AJ .100 (im/S 1 ^jljpu 4plc. (JaIj dlc^jAA £a c^JauAI yic. La-Ijc. 

^l.ikU fj ^3j cA^tijVl jjjaAl (Cantilever tips) d^jjj t> i flddAl 
44 . j) a\ 1 (jia^)aj -Iaj3a-N ^a 1 enT (ji^. <" A*n1 xxia 3->jaYi\ (JaIj Aiiix^a 50 


(Dip-Pen Nanolithography- Ull ^JaL ajjjUH Lsljd jlilH ^ 

(Jxi-naII LasI^jc. jail! Inxxn o.li.1^. 4dd (jc. ojIac. cjj^jAA 4c. ja^a (Jj 3 (j* DPN) 

pLaII (Meniscus) ^.3->x a\1 ^^-uj t(jA)ala.ll 4j^jlill Lisl^c^lilll ^3 4^,^^^^! 

^Jaaj iS^ (JjLxdl (jA J-! u^ii 4 nail j (_^l^)ll (jjj ^jcnla (J^xaJ 

^ jld! ^.3-axxill £a !>lc.lilA ("^)±iJI" yj jViaII (JjLaII jl£ I jli .c V^ll ^.Jaxxi (_^jjI^)1I 

jl jpA^U j^-oj c." n^>. to jj^^)ll (_^l^)ll jA ^jjj^JI jail] 4a^l J oj3 ^)3jJ jli c^JojaVi 

— U LI jJ (jli 46 .s jaLoi^ (Nanostructures) ^ Jl J JUJL1I 

CIjI^j c(l^_^-l>Jajj ^aJ ^3 10 nm ^11^^. -laj)]^4 (_jia^)C.j 4iltc> Aj\. nxxil djl^ l^jl ^a DPN 

4oj^. ^a JUJ! jA Ia£ co^l^ilj 4j\n^ll (Jxi-n.aH ^al.W'uxil (j^-aj 4 jV) 4i31^ (Jj>xxn oj^3 
ojJ3 CIjI jj c( ->j^uxia Ijjj-saj c. <al q)ox^Vl j d^jkjA Cliix-aj ^lill j co j^^jAll Clalj j^VI 

CluAjJajj 4-jjj^kll djlijj^J! Ig, tAx>i (j-°J to.lqa a!1 c." ll n jail ^IjiV ^jaaIjaII JaAAlill 

djI^Jjill (j^aj)^ ia! (J^j (jj^)3a jc. (DNA) (j^iA-sll 4liix-a 3a ) a ft 4iljVI t >" ll^jjj-alll 
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aJjSIJ JJaj jA II sijJ <_u*II j 47 .(01igonuclotides 

c> Sjaall cilia ^ Iaj tAjabtuVI jUiiVl ^ S-HsuaII l Vil <u.^11 CIjqju! J .^-ij JuljJ 

4>i2k. j3 


Summary 1.1 

100 11 jj.i ^ jlajaill lojA'nl lal jO jliffl Clalilij ja 4o ja^q jiji * 

dila jg y/A\ (_>«jjjj tdili jjVIj ^UjjSiyij (CLAj jijill ^laVujAj mm 

. 'iI^JaII JuIajII jl 1 ^-ujLaII JA^-aII 

jl t jjijill) JaliLuiVl 4_i1aO 100 Iim 11 jja 4_$al jo jiiill ClAiliidll ^K~'h>i i • 

L^JJJ j' £jjuj1_±a 11 AoLiIallj jl c jjjj^lVl 

^ V^IVaII jjjL<u]| jl c (Proximity) L_ijliillj c(^_iuAa11 ja^-aII 

. ( j j jfLi-al! jjjLq!1]Ij <ol_ila]l jl t jjiLill jjjiLillj) 

c jjj ji) clAjlij ja Lai jo jlASl ciAilijl A^uajj]! dali j£a! 1 c-allii • 

SjLJI djlilijj ( ( L_J jl£illj jjlall jl cJalLal^U) ^liall dllilij ^(uj^ c jjjlfll] 

.4jtil_AAll 

4_iinll C1 jIjj1iuia]|) L-fll qLu^oL/l j t4.il y‘uj,iVl I jl q V’uj,l)U 4jj,j.mjll ^liijVl j A-Jaii • 

.4qKMlj t4_i^LijVlj i(4_ilVlallj 

^jjj-^Jl -LHujVI Ualjo jlJ ^a Ijjiaij IjLooil j!l£Vl Lai > jLM <ilii cLlL^. • 
LS+J* J jia Cj!3 jjL-^a £a .4 Qja* 11 4_i^uiiiill jj3 4 -*j>aV 1 ClAijjjS ^aV*Uj,n ^jill 
j^AJ ^jill 4jlyuj.iV I jjj*j ClAiliijj cJaLLoiVI CjjLjjx^n^l Saj.1^, (JI^jaIj 6 jx-aSl 
diloLix-sa ^ja~\ ^a 4_jta!lll .100 mil ja j^n^ i jxjas! ^oLaA! L^aI aWil 

,4ijaaii c^Ujjiiiyi 

Ia| ^laViuAj jj| ^la!>Ia (J jjas jll 4-jjj>^ll Lai jO jlilll jjlai jj • 

4j\uiill 4juoiV1 (jj^a jl t4 qjAX 11 4_i^»jaiiiJl (jj3 4 _xjjjV 1 djlijJj3 -lalLujl 

.^jujl jll (Jjl_Vi]l jJjiaill Aa IgJl J c jIIVaII ^ j^. ^5 <JJjall 

dljjla dili jjSII 4a 4_3til_AAll SjIaII jiaJj*llJ jjoiLiaII 4x.l_iLall (JJJ^a jl • 

ja Jal 4.il yuj.il jj-uia ^a oiwa diL^LaiAlj djl jIIVaII ^a J^jaVIU Sjjj^ cJ^-^ 

. CjI jIa jilill CIjIjjaO 

4-pl.ilill (JJ^a j-a J^l 4_i^.lliil ^a ClalijjJ^lVl JalLaij LaljOjli] ^ * 

.^JjjAaJl JalLuj^^U 4_llL^Jl jjlall ja 4-^1 /u^l cCljlijjj£lVl 4-a j=»-J 
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SjUI 4 4 & J)£^)a]I dAjjjVI Aa^^. diljUj ^)3 jj 

^ lIjI ^Ia^LaII dal^jaiC.^ Aillx]! AilyudV 1 £a 1.1^. A_aj£!iA Ajjj^jla ^■^Jajaii] ^AjljIaa]I 

j)l3 4^11^ £a .^^la-uil] A Uji.V^,\1 JK xViV 1 j)Aj jI^aII j)A £juj! j (_£Aa )-i)aVi\ i^ll 

JalLuj^i LiSl ^)£- Jj2 (j^)la cj' « Aa^a A_iiJa3 (J^I£jaJ Cllliixll A_i^.l!ijVI 

^ gjjjV' 

Ac.lJall j cJ^ 3 Ajjjiill Lisl^c. j lilll ci}l_iiaj (JajIu 

.^LujIaII ^jai-vaII ^ic. qAaUxaII j (_^ j^IjaII 


Questions 


*iiJ 


1 jj A_^JI_xa]I ^ia^LaII Ac.i_iLa] (JjJaSl LjjljAj^ A aA *.>ia11 j AjuIaaII j| ^aII j)^^J I jIa] . 1 

? Cf -LI j AjLiLujI (_£ jl jj JaJjJalL AjliLujI J j.1^. ^ 

Jxj oJ\a]1 g-LoiC. A^Iaja g.liL ( xa JaIIIIj AjJaA Aj^-a2l AjuIaaII AjIaC. Clul£ lil .2 

oJIaII ^Ac. JaluiAll g. 6 Jja £a A_JjaLi 1 a ^A a* ill A_ 2 Luj A_i 1 aC^ ^)jg AvAl 

ojIaII a£Iaja j) \\\ 4^a^Ia 1I (Resolve) (JjW^ .ajuLaaII 

S^IaII AjAvnII A_L>Ja^)i]l ^I.^VkA-Jj .^a^IaII (jjj 1 a jjl^A ^3 tl^ix-sa AjuLaaII 
^aj-s ‘ill S^aLaaI lA_j^Ja ^^Illl i4\M aJjIaa o^j^. Ajlyuj.il tAjtjLAAll 

.(JaHIL aj)-iAV 

^ajA fcXill J (DUV) (Aj9jaxJI^ A_i^-uiil2i (3-J^ Aju!^\ LasI^C- jiJ £a .3 

JS1 2000 S ^-11 O^A L Qj\l£j Cllxijjl 4 AjuLaa]I JI^aI] ^gjljAj^ll 

2 dll' Ja^3 ^A*Uj,n dal _j ^ aJ 4 4. (jjaiAj C5^J •(j^l^ 

g-Luac- a£Ia-a ci±jl£ ! ili .200 mm a^Luiaj a^Ib^j ^1)^1 AjuLaaII SjIaSI 

^ 1 jl 3 AjuLaaII g jIaI] AjjIoII Aj-uilll Ia 3 4O.6 |im A*jIaa]| ©jIaII 

f(S JJ* J) Aili jl! Jc; 

^aJalAll g.^^JI ^3 l_jI^j 1 (j_3^ J ^jj-a ^3 Aj^xj-sall 4,^ )iui .4 

?Cli3^1l A^ls^>ll (_y CS^” kd ^ 1 & ^ 

Aa^^. Li 3 l ^)C.jj 2 ^al^kllujlj MOS CIjI^j jJjjj^jI c_jI Ax-Lli^a AjIac. l <a»^ .5 

?L_L^.ja j! L_i]Luj ^-jUa Cljlj AjuIaa gjL a ^al ,W‘‘u J ^_jA (Ja . djlj I 

^ja GaAs (j-o jil SjIa ^jj£j J Jaj 
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dAj jj! ^aUajj dj\jj^)J^]j <LoJ)^. Liil j£- j!lil ^Uaj JaC-l .6 

.l^JI t, '<i>.s-i') Aic. Jl£ a A W<a 30 11111 A^^-g-g A-g^^. 

i ^ jk , ks - i ^\ ^laIaII AAa ^cJJJ \ Ag, 1 a ^ Wia! 

L 3l*jj V ^jjJJ^jljJ-o <_ja AjjIj-ujj^)^ A9^)L^J AjjoiLoi^. <jl q±1 .7 

(_)£J L_flA^_ll ^^.Ic. A_1 ujLua^. AjA^J ^aJ . ^ulud^Jl AJj^J 

^jjdilj (Ja*j ^jl A1 i*_a AijU. ^Ic. Ail .AijUJI ^^Ac. AAiLia A_nl^ aA^.j 

■ A W will AjjL^.1 CjU jjVI (j-o ^ jl tCllljjjjfll^U A^j^Ul 
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cUiii 


Self-Assembly and Self-Organization 




(jjjlsaijyiSal*j,iLa t uiui jo^al t ^q^ij^ouLuiLa 4i al 


The advantages of self-assembly 


<jj| ill U> 1.2 


.1^. AW*Yl (j\ ^Bxll ^)5 L±a cl) -0 ^) ‘^ jQ 1 j ClAj 

4 B-i^^La ( - 5^ c * S^piBI dj^)3j ^iBi lr^ j \ jVsBl £aj . IaI jJjoia ^^9 

. (_£^jl_Bl ^yA_iiBI ^jIiuiaj jI^a! a.\i,W (.' iVn il tig \j\*\ 3 ^aB (Jjj-alij 

SjBbBlj t ^j\x x^-a \\ qA'AAj 3^aB ^IaIaIIj J1C.I jll lB^LuBI q± 1 ^y\\ ^)3j -BBj 

CjISISj ciBB Ic, BBioVI jst lW j) (Miniaturization) jj» ^ jll 

. (JiL^BI Ij^B ^il.BI ( ^JJJ) UA^ll 

^aLk SjIa (jA ^UaL ^jVl t3 jaII ^9 ^IBj-ujLujI (jljlLj^)Ja tiBliA 

^Bc. 1 0 g_Bl_j o Ba . ^jI jjll < 1 a ^jjoisj j u ^* -0 cJ^-^ c* ^ \) 

(>• c> *Uj ^ AjjliJt aLjLBI j .(Top-down-approach) JaJ J] 


( * } Roy Shenhar, Tyler B. Norsten and M. Rotello, Department of Chemistry, 
University of Massachusetts, Amherst, MA. 
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Jj JJ Ja £tig_ill Ajjjjlall &aA ^ajaj . liLuj oJbt-o 4 H J Ha j 4, Ju*n CliHul £_ia^j Jjjla 

J«-o jl j Ho jn J&l a-i^aa Jla ^jal j y> U£j .(Bottom-up-approach) JJ 

.AHjIall oa^J <Jfi jJJI LS^ ^HaIa 


ClH j^aII juiu-aJ oL^j 4 ^_^.ja 1I Jjg Jl ^^3 HaHj jl j^JJ jlaiHJI 11 HI 

jja Jjila ^JJJ ^_^jlji£j jjlVn HjjLg — 40 jJI Jlo J-o C > JlVs — A-iinj^Jl 

J Cil jjjjil Jill aao ^Hil ^J)!\ ^jHiill Jl o jUI) j^JJI (Moore’s law) 

. ( Ja jll ^a c Jijn^ll 4ala j 


(jallj I jx-o^ " jHlI jjll" 4Hi3all 4_iijJi^lVI HjHJaII ^juAi J ^a.W'ujj laA 
£-3 JL 4 aJ>La ajj3j 4_i^. _J CllHj* JlH^a tcillj £aj .J iJH JaJI ^3 4j-aj Jl 
^ j \* ks^\ jla ."^ixj^alill" ^H-uj ^a jIjaULLI £cjl la& ^^a 4 Jj^Jja 1I Jj-^ jl 
^SLjli La-o t jjaJ c1iL^.ja ^laVl J c > i\)o"ij 4J jx>»\l Hal jo JlLlI a H * J jj ^aIaII 
J£L£ ^1 t(Deep and far UV) sai»JIj ^iuadl ^i-y^'iilt jja bulfyl Jl J jll 

.4juLaa al jaj c (Masks) <*_ial JjlVi J <HaI£ ciA^yu^ 

^ajujj ( jill (4-1 ojaill jU^ jjji^lVI ^LaJ^. Hal jo Jlil A\ diLil£-oj LaI 
^LiiJ tljurii c<lL*a jjo JUlHj ; Ji*_Jaj 4 Jj.uL.11a ^ga ^ jiHlI jaLHaIH ^aLIa .iiili 

.(Mass production) <^-£11 


^ 1 1 JAili jaVI c > JH'n Haaio jHa j,Ka Hal jo jLllI JHjla HK jla da^A j 
J^ll Saj.1^. a ! ja j^a Jl c.^ JH"n 4oJg_JJ jj* *^*1 4 L J jaIj t Ja jo LHa^a . alaJJ 4 jjLH 
diHJ ciajHji aa L^-iV 6 jjL^Jjljill l_ii£j1 ^ 'HjLo oaHi£ jjfHLuJ! a^uu^l J^-a 

.*l^j j^a 


^HiI^aI ^''^Jol ^Jj (JLojI Ja" 4 \x> < \ c^JjJ^JI ^Jilall ^xjaVJI <Hjla jajij laA 

JjI jHII (ja*lij ^laVuuVI ^ jllll ^HiI^aJ l^Ja t jiAjiHlI jUai Jl jIoHaII (Jj-^ J 


."JLujI Jl Jc»l (Jo" Jc- OaAJXAll 
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Aic-li ^jVMl j-o j/u21 jjj^Lo 


4j*_Lll2l 


L>° 




l_j ^LujIj (J£jujjj (.'ll* dl^j ^ja^M jjl^>Ia jc. *12*11 n ^I^Lia dLAjjjl£) 

jjl^)la jA ^^2 <^221 Ja~nM 1 j^)la ^_)«2 jj »*LjJ)lV'QJ a AW a ^±1 jj^£2 ^^jLlL 

^■W,M1 j^lj t4j^ll*21 *li21 (dl.W j jLi2 <n V^"i <^21 <L^.Li21 ^jlVi!! 

.l^jlj ^lA^all 4_2 aC. ^A Jjjl^)I21 aAA A^\ Jj (_£21 ^joUJ^II 


tAjjl^xjjjujl 4_nj (JIaj V ^21 ClAjjj^Jl ^^A Ua A-nx-21 *li21 dlAa . j jl Lajj 
t*Li2l dl.Wj C > ^\j>^i 4_L-aLi2l jAd 4 _aC.Aa ^ jaVtII 4_La^. jj £j jl ^ jJ-i2 

.4j1a* 11 aAA ^2 4 _Ajo)L^. 0 1 g AjA^^** 1 ! (J» ^kj La 

V <i£]j cAilij <1 a jj£I Ajlj a^j Lajli LaIc. 12L^. a*j ^121 ^jaV'iII jli ti212 

(_jLa "(Jixi ^g-lc-l" j-° (J-^J^ll ^ c-j C(_5^kl 4_i^.Lj j)A .AJjVl <1^.1^>A ^ Jl jj 

• Ja^2 o^)jx^n2 a ji2 -11 a dldl AS ^221 ^Ja-v 21 dLiiAXJ <j-2dll dL2_j2l 


Lij*a]| j LjUjjaJl OH Cj^lil]! 2.2 

Intermolecular interactions and molecular recognition 


)12I dl.l^.j2 ^^-aALouII jjl t> JaJ^)ll ^^ic- Aaaa- 21 26^121 ^AA^ill 

L_iliaJJj u2A£ll 4 _iaALu 2I <L^)iail VL*2 l^Ld c<2j ^^gJc-l dl jmaV'i Ail j2 a jja ks^W 

. ^)2 jl Jj-aL^j *^^*2 i J2I 4m^jj dl 


VI >" — £ <AddaiAll j (Kinetically labile) L£j^ <12^121 d^li 2 l jl 
cs-^ *lLill j ^1311 Try^.^Wh Supramolecular * *^3^. J3 


(j C. 1 *a <aV'l ^21 dlllj jail 1-^^ 6 ^^aj a,Vq*.<a AoIaC. jl (_3J^ ^Ja>21 ^ ^ 

l^jj^ jAj t c" il n jaJI qa L)^l L)^ ^JaLuUJ j £_iAa2i (J^aj .AjaA L-ojV Js»j1j^) jj^Ja 

^j^AJ . ^^^dlaj-21 jl 4 ( _ s JLljJa21 t(_£j^21 2^21 *^Li C^2^ (jA ^^gic. AJV21 ^.^“ntn La 

^1 Vjli l^Aj . jLajj^jl a 11 j j!lajjl21 (jjj Ia^LuI ^jIjjj j Adjdl jj3 ll »ja-v21 

AJjLa-a jLul (_£,i -^lj *LSj^- L>® 2^1 ‘— J l jL»~N xAlll 0^21 ^l^lLuiU AjjjUll C**ll nl^ll 

•(j ^J^') 
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^Jc. 1 ^ jJJ . L-JjJxll (_J-Q A_i3Lk J 6 J^lal/a CljlajXiVt (Jj^JoiJ JJ 

(jj . J ^^3 (_£jjJax3lj £-l<a^li]l ^Jc- AJaJjonll £.Li 2I djl.la» j\ 

aJJxu c \f \ j ? Jlxill c. 1 jxl\ A_iijUa j La l ^jilijJa3 J Jziill s. iU-a"n dili J-all o 

n^a*! (Jj^joli] ClAjj^ll ^3 1 g x »>i jj ^-a^Ldl ^Jc. t_S^)*li]l A_ix-aLk J_jj| 

jj^alist£ Jljiill Jc. ^jillaaill (JjjIa JJ (jl_i^/l (j-a J jLujJj 

3.A_uj^^J1 A_^a^)2lj JbjJI c_s^tlill 

Jjj3 ^_nll (Jx^. J ^w'lui'i j]| Vljdl" ^j-a A_alli»-di gd^jVI c_flj^)*j t^aJ ^£3 

: j c '^aALaG jjo" I^jL U-a (Supramolecular architectures) aJjJJ' 

- ^ \^W JlSj t (Ion-dipole) l_±L£]I JLij — ujJ “ uj^) ci£lc.lij3l 

iCiiL^oll j l(k-k stacking) k-k (_>^Ijj31j 4A_m^jj.ii£3l -MjJj t(i ilvd l JLij 
Cil jjiihJI j i (Coordination and dative bonds) * ^jjja^ll J Aioiidl i»jl jjll j 
gj cDl^Uill o i* ^ _jj (J£l jp.^ ajjj .(Hydrophobic effect) *LJ1 aajI^I 
ciiliJll) (Supramolecular synthons) 4ji)JpJI jja CjU yi+JS .1.2 Jj^JI 

• 1 .2 Jj^JI <_^3 Aj^,^).1a 3I dj^lc.liij3l ^j-a J£l jl 0^.1 j ^<aV) (jl (a 1^11 

Ajjla!ijVl 6-ilj j Jc- ((j^3lk-a ^\ Ul£ ^^LuiLa) t J£l jl jjJc-lij q±i 0-aJI 
<j-a A^jl_l3! SJiax-all Clslx-a^-a3l A_J JjjujI S^ljj c*\l‘^j cA-ijLl2i Clil.l^.J3 

. Jli3l ^j^aVill 

Clal j Clil-l ^. j ^a, W'n/i ^j3l Jj^JI Jli3l dal jj^iuj C* tx^Vnul ^3j 

< <1**0 ij jjUll i^jA )^<a\l Jj-aj o^*_a31j A a)\ t^all (,^2^ C)* '^^-3 0^3^^ 

A .all'll ^3 ^oa^ ^^3 ^.Laix31 IAj t, e i \ < \ A-llliill 

jl^a Ailjal AljU^a ^ ^jjUll (j-ULJI j (Macromolecular) ajjj^UII diUjjaJI 

(_^j^)^Lall ^LiLall Jo-ai JJ SixL\ Jjjj (NanOSized) jjlill J Ajqjhj 

• 6 ' 5 ' 4 (Macroscale regime) 

<r jjll jj3jj fij t-jjc. : Coordination and Dative Bonds Sjjj=-JI ^LjIjII j <w*II CLul jil ( * > 

J! to^pl! .Aiutla AJajI^) (jjfiJJ tA^^yuLail dll^jjlll (_^-^.J (Jj3 (j-a c£l^yluLa]| 

o jill ^jj ^s^JJ ‘(J I ajill cJu-ajJ {jjja. J tAaiLall ojil! ditj jj^iy\ ^jj 

A^jLftll S^pl! Aa. jaJI |jj >>i\l AJajl^)]lj aJojI^I a^A L_a^)*j iiili£.j . Ajq\*t^\l 
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iUjJjJI (jjj 1.2 Jj-laJ) 


© o 

s+ \=0&- 

' (jjj'-i . »V»ill (jjUj 

5* \=0 S^=0 i 

k—lJaill j—jLjj - 1 )ViiH <JUj 


<-Jl^> jll 'Jtliill 4 ^ jtijsii 

(kJ mol ') 

(jjji- OJi') 190 < 

ej^tcUi (Jill ^iUS -ujji) 120-40 ^jSLuJI 
S ...<1.*|. I I l' J'k ,1,1 1 ^iUj - <_Jaa!l ^lii) 40-5 


0'"H'N 


<f N-H”"N / V N W 

N— 

H O 



(JauJ ^1 — ^uLa CjMc-Uj 

jj> J j \'S " V J- W ^' (jlc- 
SJftUj ^jl-a 4 ii-a jj 


O 


_^k l - jjaa 1 . ijl ^ ji 

^jjaSlVli Ajjill <jjhc Alla, 
a jjiljl AjjJafcll 4jlsJl £ jlk £-« 

' jjjsiyu 


(V^) 40-15 
(«*-) 15-5 

(W-a) 5 > 


(■n-jl w*j) 15-10 
(*a.jla>)20-15 


o 


Jajl jail 


77-77 lj^Uj 


2®-2=e 


C53 <sZ> 


a t Ll Q 1 1 ^ ‘1 

( (_J jS ls au j lilLS) k-lklll ^jUj — 


ljIjuII (_£ j3 


®X 


JJC 111 jj jji tlSji Jj 4 l 40-5 Sjjiis ^ 

jjiSxHj (jaSfcll jl Jauij ^ AnliS 


AjUul 4 Jxuil Jj (j.}XA 
jiijjjil) jtiU (etf > jl jjj) 


380-20 !>i. 

(Dative bonding) 


jjfl jjjK 4-aiaji AjuuoIL jLLjI ljjIjj 
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jaJu llAcLbii J] jjl JJ 



sjLU ‘ ««A a a (J& SjjSjII jjs£- ^jj * jjlail ^jla,! jyaaj JjLuij Sjjjyj 1.2 JLuJI 

S jy-i jJalij j t ^iadl Lf lc- Jloj ^11 (Surface active) ia~ii jJa^i cjl j 

(j^> *> - .AjUlU Aia Jd*u SljLaj Ajjlt Ajjjjii AjJLs. 1 Aii ^yk Aajai!) .<yl.S 

. (AjSjyaSfl A-jjL: AjaaaJ! Jwa jjj| 9 


AlJall J jl_^i ill 3.2 

Self-assembled monolayers (SAMs) 

3?- t> ^ c^jLkll) (Monolayers) CpU-Vl dULUl 
cjlljjaJ (Chemisorption) <^4^11 jl JiAh CkJ jj (iil^ ■*=>■' j 

(da jil jjc. ^ aa j£j 9UI t_ia. L5 %t j dlild dlL Amphiphilic * 

Ijlio- Vila r yS=uJI _k. (Hydrophilic and Hydrophobic functionalities) 

i q\ uall ^Ic. .13 j .AaVI (Jj^la 1 ^ajJ-Vn £jjh*$ (jl ^jl j S \f\ 


ALoiLou AjfJaS Ac. a> attiphiphilic Ajfuliiul ClilljJ)^. ^ ^ 

. £.Lal! ^3 Vj AaflaSV Ac-jA^-a 
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(SAMs) ( jj|jll a a)ViV a q\*i*s aII ^IjVI Ja aj^x]| c_flLujj£l 

Ja A^-j± Lq CoLLlljl ^ic. (_£ jpVi <aliVA (SAMs) 4-iiLall ^JjI^II a Vi II jl £aj 


^A SAM II ^3-Vi ^Ja^ Jij ^JiuiaII jV CL_l*_x-a ^)aI JjI£^)1Ij CIAjjJ^JI 

S^)j^)Jjuj Ja Vi D^)Ialj-G]l dJj£^)llj LgJaJ^jJ (_£ All <£. ja~n a\I ^jjj!^) 1 Jajjdill ^Ja-udll 

j^ (Adsorption) jlji*VI aAA v?jii£j .(1.2 J^!JI) ^UojSJI jlj5*Vl 

CiLyLlSiVI VLalluJ J Jliujl (_£Aa 1 g jIaJ 1 .1^. <£^3^) 4-^t-AJOl Cljlj Aj^U.1 <a±la ^glc. (Jjj-a^Jl 
^JOIJ (_£^}Vl OJJO^ lW I^A .(CH 2 dale. JA^A J-G i^jALulj (Alkyl) 

Ja A q^J-all VpU.1 AjjI^II CjUu-gViI! Ja <aliVA]l ^d^il J^nlaj (_£j.l^. 

.AjAA$\ A q \hW j SJj^^J! Jjj^jj ;<lc.lill A^-j-g^-aII ^ Jjj 4^1 JiiuiVl 


1— iftlll QA 4 _jjluu» ^jia^ui ^jJc- AjJIaVI j j^aaJI 1 'JjjjJI dAiJa . 1 . 3.2 

Organothiol monolayers on flat fold surfaces 


(Alkanethiolates) JjjjjjlllVI <LiLJ 210=0 2_pUJ <-21 ill *\ laVi'l 2-0=0 .1*2 
2-O^p ^yS^) t^^_iAill Jja ^Jajqjl ^ V- ^(Alkane) ^jlkll <L-iLoj 2_jlgj ^3 SH 2=-. ') 

Cjljijl .IgJjO-i J j^. aj wu''l ijlLOi 1 AiOall jl j'q'~' . .1 j A U»j.li'\I 0-lc-YI a j ^ jj— i . 

4 1 g l^iLii J . l_iA^1I Ja ^JaxoJ Clu^)j£ o^p Jj-aL (J jVl ^ULgII ^3 A Vi 11 S_JJ^)JjuJ 

jli dL^lc-lij ^c. (laterally) Lajl^ hViVL ciAjjJ^JI Jj^IVI Jjo^Luj 
^ jili ^jaVi j] .v^Ijl g vpL^.1 AiJa (Jj£-uiil (Van der Waals) Jljj 

^3 L_ajUa^ll Ja ^Lilllj ^-g-ujJ ^\ j3^<g L_iA11I LS^" ^ 

.O.vla a ^ jhxu £ j<qV^ ^)^ jaLA 

(J^lxrfQ ilVl JIg 4 }*l )j \ ^<Gg 3 ^)-g L_lA^]l is^~ A 0 ^.iilall 

JSbll j c(Wetting) c_ii Jill j t(Lubrification) ^auioll j t(Adhesion) 

^ j^g>M1 ^.a juii (_£j^l dililij tSj^VI ajjVI ^ CjjSjj ^3j .(Corrosion) 

o^A a J^)L a 1I -la^Aiill CjUISj Clj^Jal Lg£ .q.V^x a Jal_Ailj O' AiJall Aj^L^. 1 cPlill 

djUlSj ^Jll^ll ^uVtll o^jli Aiflall ^jl_^.l ^gjlill a V j II g-ljAj^ AiljJaVtj » a“i-n a 


.AjJUIIj ^jjIiaII ^lix-aill 


• (jj> * t|C iV ' (jl^A djj^)j£]l (_g ji^J Jj^SII AjLuia (_£jjJaC. t_j£^a Xhiol (JjAill 


(*) 
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! X(CHj)„S(! + Au° ■ 
J_ lea. 30° 


* X(CH 2 X,S + Au , + U2 HJ 



0.288 nm 

0- 

<j) ^^ic- alkanethiolate t^Vj^AjlilSfl <>» bjlaj Aiaia] JrVi JjL<u :2.2 

J ^jl\ (J JjJ Lui AjluuIL 30° AjjljJ Jj- 4J JoilVI J^£LuJ 

C_iA.i]! jixuJ ^iC- L-lJa^4 JoLuU (J& LJJjjlil Ljljj jfcJajj jiaj • jli AIuaIuI 

AiJall ^ixuj -lie- ^JLuuS p jjj tli^USJVl J^-uvLuj X Cjlc-JA-^^ j2 JJ .(111) 

.(al£ jJij Sjj^> ai W iley-VCH verlag j^u jb <> u% 12 ja>aJI c>) 

^jic- 4JLJa]| ^Jlai £ia*01\ ljIjjaa Aj-lajj . AjIjj JjUu J. 1.3.2 

Formation, structure and characterization of SAMs on gold 

l g'n'n t_sL-ajl a ‘I n g.1 CLiui^p ^£1 

A ^JVtV Lg-jV 6£JjJal^-bl abk j)C- IjA ^a-l£j .^£_ujIj j^LLaj ^^ic- 

Alkanethiolates c^bjV jjbllljU tub ASJall 4-pUI .SAM 

(Jc.lii]l C. jJ ^aJ bij . ^jLkj jl ^jl jib (Jjlb. (j-Q f-\ JJuj L_1A1]I ^Ac- 

^3 La£ tL-lA^ll Clu^}d£ S^p j! jl-oV A 'NjVi A_jl AQ 

Axj ^aJJ AAl3^]l jl j!laVI ClblT jl (j-o ^^1 t2.2 (J^xall ^^3 AIiaaII 4JaIx_a]| 

cil ^j| HI Vill ^ic. (Kinetics) ciabJ^bl jl V] ccJ-bbJb 1 g » ^ j 

j-o a^)l^)^JI <bk^p ^jLuiLa £-0 <LuiLo jl jbaVI (j! j^JJ AjjL^VI 

LijjL j^jli L-bjliu cijja. (First-order Langmuir isotherm) j/il Uj>dl 

.(Unoccupied) kl j*Adl i_ja ill ^al j^c. ^ 
(X(CH 2 ) n -SH) oV jiilSWI j> aLXJ e^jAll ol jj j jSJ 
(Hexagonally packed arrangements) Ualjiaj a^.jV' ^jojI Axjj 1 x> l)o ft J<; x a 1 

^Jajudll j}-o 30° AjjI^)j jjjlilfbl CLl\c> j/^yA (JxoJ .^1 1 1 j L_iAjll ^-Lajo: t __ s -b> 



^ u^ij Lft-lic. j (Jjai!>Lud]l (j±i jl jj jli d^lelij (_£jlx]| 

dliila ^ic, (J j)£-ftj 6 c qj'i^ (J£jd j c (n > 11) (Jj^IV I <luiluj cJ^ 3 
di lili .(2.2 J^') f^ 3 ^' aJI^ (Pseudocrystalline ) ajjjL A_d A_pUJ 

tjlldl (Ja±uj ^gic.) Ajjl^VI Ai±Lall c-l^jj C5^1 JjV" die- J}X>~NX) ^iC. A 

^alx]l ^llaiillj Addll Ailli£ j)li l(Aji)^ die. jl (Bulky) A-ftJjui^. die, =x 

. Lftg_j ^jjLuiaII <iiLa]| 

L pa3j Si le. (Jj-ftj SAM — II (jl (j* ^C. jll L5 Jc. Ail Jl a jLujVI 

(jl V] tig d ^gjj AjJj^aII (jjljj]| A_i1ac. s-UjI Ajjli A_i]i (j-ft g-Uo^VI 

_JI jj » >> V i Jaj^uj ^_lc. Ai^]| frliojl Jia 4 -v ilj 1 , : :.Ti Jl Jp Li njr. 

Lila. Aal ^lll AjjoUJ_)]I t" 4 ya. 11 S. 1^1 j l^jl ^glc- dVlaJI si* t. c ■ ^ j J3j -SAM 

<Ll3j]l - " 4. ij j^iLIVI ^ ;'i* La y^ yc* 'iLL L jLA ^ CjtaJal] ^jllll £_Laa4lII ^_yct 

. (Microelectronic s ) 



SAM Lt ^- ijjh^Li 4jjjja. (Reed and Tour) jjjj Jjj 4-Lajt ^kjtiVl 3.2 <Jiu»Il 
(>• tjjjiai qu ^1 (1,4- Dithiolate) CuVjjjII ^Uj -1 ,4~od>“ Cy» 

. (^jlxi! alii AjiLj^fl 4 jk o-sll <j^> rLuju 10 £a.j^II i^yij —A 1:1 
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4 _aliiuLAil CjI jJVI :i— iftlll { Js- 4 jLkl) ^jtaS ill ^t.av'iil .u. 1 , 3,2 
AoL ul j j| j-a f Luuj u Aj iijjiLa jSH 4-uiljJ ^jh 

.4jaala ^jixuuj 4_j jla jJU 


Gold SAMs: Tools for studing Molecular-Based Electronics 
and Creating Nanostructured Materials and patterned 
Surfaces 


^^Jc. SAMs — SS ^-gjoj ^£1 

U ^jc. . 1 g ^.vi* ij ^uLiLdll a x*).ViA j o^c.la 

AjcnUl ^jl V] c L_iA J j^ill £t-<0 qa ^cIajj ^lill Ali^JI AjjLgj^SI 

>^S1 C-Lix-ajdSl ClAjlijj (j-G Ax.^ILg Ax-j-g^-a j ^LiilL l_iaHI <_j-g A_1ujLujVS 

yy^vi ajjoiLuj! ciA-uj!^p 

£_a A_iaA1 A^ j 5 Lg£ £»^J uj 

c-LdixJI ^jjaj iSAM 11 J v ^"' ■ .'’i j z . jjlill ^liLill -CIL^JI 1 j a] ^j£ii]l 

<A^^« ^.Lii 3^-*^ q-o Ajlj ^»Aj!iLojj (Tour) jj^j o(Reed) ajj 
Jjiill JLL - 1 , 4 - jjjiJI (> ^.Ij t^ic. lsJ^ 2 d^. J (Conductance) 
• 10 ( 3.2 i-jaIII (jjjjjjill (jjj ((Benzene- 1 , 4 -dithiol) 

A_Aiaj^LS (^LiLall <jlj (JjIaII I^xgII A t.s~i di iljjj ^.Ic. A-uil^yi o^A Cli^C-Lai 

. 1 M*x'\ AaIVi^ tilled C*lAg a tAAii^j (j^AJ A_ijj^p£]VS 

^(McEuen, Ralph, and Coworkers) Iga_£IgJj t Jj ijjjSU j£Ll 

L_al£ ^ .6^.1 j Sjij (Ja*J Lljj 

Jajljiill Cl^lc-lij tilli ^ Lgj Cllljlij 3 -o ^ r - J ^ 7 ~ -o 3-0- j ..i^j' _j 41 

Aiddl 3AJ ^13 3^ Jj^ 2 j (Dative bonding interactions) jjj^II 
Terpyridine ligands 3^^3111 CjliiUJ ^j-o ^al^VuJ ^aJ .A_l^.j ^gJ 

L—lA^I (Jj-aj SAM yS^j 6^.lj yjjuill] 

_!l JjSftfl a!^ JjU (Fine-tuning) .( 4.2 J^') 
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dJLjSJI jjjl qjj (jjSB j^Ic. o jkuJI c> uj^M' tTerpyridine 



Terpyridine Thiols — lb Jjjlall <> jliiL (I) 4.2 Jiutf! 

AFM Sjj^a (l_) .AjIjj ljUjj^£ j Jjjia j 

SjJ jjIujjjI jll JjjaHI .$j^3 J £-a uiAill OpJJ^W jC- jJa 

.($ ^LiaSLs Cj^L^q q-® cJ J W 11 (j-a) j ^Aya 


(j^)ii]| CjI j) (J^laVl (Linker) aLjI^I ^-gj^jj c(JI!Lg]I cJ^f^ 

lg_LLk (j-G (j^-GJ J C .1^.1 J (j ^j-G Jjjuj^jl _JJ Ajl£ J L_fl^)j-aJJ jlj 'jl g \\ ( L_kxjJaV 1 

AjjI j *g ^gajl »«o*sH ^3 QC- _jl g *sl\ Lj u>i‘i 

(Linkers) ciiUajl^j ^.ikilujj . ciilljj£ll s^pl (ajI^II Aill^) 

j^j A_i£aj A_Ji ^l.W'nJ £■ ^a]I A_iL-a j-g]| CjLujIja] A-ijI^-g] (c£ UJ^) 
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JU^o ^ 11 a .(Kondo-assisted tunneling mechanism) 

. (Jj-adl ^^3 a_uj^^J 1 claLij I 


(SAMs on Gold) c_ia 1 ]| ^^Jc. AiJall ^1151 ^ja>M 1 J^j^n 

(jlj .1.11^. 6 AWa Aj^jli J Ajj^)fLlA ^g-b JaLuiij 6 ^g-Xjuili ^aJJ VS-^a 

^ 3 j 5 jA ^jIUI ^ja^IiSI ^l.W'nAa SAjAs*. CjUlij ^)j^iaj e-l jj x 31 a 1 I j 

(Ja" ^^1131 ^)3jj . ^^LiLdl Aj^Ia^Ij A_iij CjII 3I^a3 c. <jKx> ^jSaua 

Lajjj tA_iJj-Jall Liaise. jXjlllj A_i 3 l_^Jl <C.l±LaSI Claljlidl aIa^a 2 _llx-aJ A.Kjg \ "^^Ac .1 ^1 (Jiual 

<C.LlLall lajA n ^g 3 1 jS »3 1 g qj'qVl <_j£aJ V AaIsjI ^31 (Jj>-ajj 3 l 4 (J^'u^iaS! ^^3 4 ^> 3 jJ 

A_S! 1 aI LiA ^gJaxJjaij $ (Jjaaa (J^An ^a 31 j AiC-l AiiS^ . A_iJ^jAa 3 l Lialc. jllilllj 

.AiJnJI ^gjlUl ^lA^lill lajA'n ^3 dlA.’lVuJ ^Illl A^S'i^aSI L_iilLajVl ^JjUJ SAiAc> 


^3 L^ij^aj ^Ii]| 4 STM) ill ^-uia3I Aj^_^a ^1, W'u^iIj ojlxSI dj^}^. Aii3 j 

AijVS ^^3 (jjjj J . Ail/uJ ^gic. S^pla a!jau^£ ^d_l3H3l 

A_i3l jt. JlA 3->jaViS SIaI£ (STM) ^jolaII Aj^)g y ^l.lVunl Ldajl ^j£aj Ail 
Dodecanethiol SAMs— SI -kuuj -(SAM) AiJall ^aU .1 ^1131 

^joiaSI Ajjg >a aJojujI^j (Voltage pulses) Adilya djldad j^^fLaj lT^. (jA 
oIa ^3 aJjUJI AjjL^VI A^ilalS a!aI£ Alljij djjl ^Ii3l tA-ail^A ^al^A ^a (STM) 
(Conjugated) Aisijla dAlij^. JUJ SaIc.1 ajaYc. c j£aj , 13 (5.2 J^ll) *SI j-dl 

^-uiaSI A_j^)g ~n a ^ja AjdjUSI ^jjA-saSl ^_dajj .AjjL^Vl A_iiSaSl ^3 A3^.V A3 j>^)5 a £3! ^a 
. ^ 4 q 'li\i ^9 ^ ^al ^9 ^ j!i£l ^aiill 


c_kjUaj 1 ^ ‘ '' Q '' (STM) ^gg ^jola]I 4 ■ ja --> a \ 4_jlij 4' ^ v V' . ■■■' 99 ] 

Alikll uLu^.1 ui ^ (Diacyl 2 , 6 -diaminopyridine) ^ j=Jt i_i j*j!I 
(Electroactive aj 1 c.U]I jLajl 93^^ .*^4jjl»JI aj^L^S/I 

aj^aLo£ 11I Ajiia. jjai^II aJojI jll J^U. ajaLJvi aLlLU functionalization) 
(Complementary JAJ1 ^jj^L l ^1g1I J^IjjJI (Noncovalent) 

.(i_j j i 6.2 J^ 2 l) .ferrocene-terminated uracil) 
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bun" (jiajJai j Jjlaa (!) .5.2 (J&2u3) 
STM ^j Ai ail ^-utAll «Uj g •% a\ 

(i) .Atih'l j jiy jj !i!l 
^ uViN STM Ajj^aju 

fr. (SAMs) iiJU! yjlifl 

(ii) iV* (tip bias) J#>-« o-b 

AjJajj JjajJai (jJjb <je SAMs 'll! J) 
U (j«4j (iii) a jjS j yJc \ p 

6* cW 3 -* O^J (ii) (ji 
(Oligomers) Cil 

Ajl jAajijijSn Jlij) (iv) iAiSl jiaUI 
jil>> (ji (Oligomers) 

1 STM -J ajj^a ( wjj .aUxola 
(SAMs) AialaJI jjU y3!j 
(Dodecanthiol) JjjiuSjjjjlU 
(Oligomers) oljiajjuljVUj 
j*j STM a (i) .Aial jl»fl 

4 ei £21 JA Aj^j ^yi AJljla Ajl .nn 

liluja. JUj! ^yjj jj2u 

(ii) .JUjj jjAa aJalj (Pit) 

d at«i * a t i 

5 jLkl\ (jk Ijljlal j^ial JjjI 
(j-a jj£-a £L-a jxa hun (iii) .AjJL1a1\ 
(iy) . iJjialLuta ^Jiui A^Oruilj jj! jJ 

j ^ uVtl AajUJI S j^uail 

AJxoia (SAMs) AJLJaJI 
Ci\ jxajSuIJ^I JljlaVI -i*J 

4J&2} jIaII 

jflaj (Conjugated Oligomers) 

£AjaI! (j-a) .^ILail Jolalutaii jUaVI 

<^>aVI ^JuJ i j*® 13 

.(f Ljjill 
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(!) ^ulaSI aj jjAdj AaLja cjU aa a Jj<-^ 6.2 jLuiSI 

diacyl 2,6-diaminopyridine (DAP) decanethiol (DAP)iajl j— ! STM 

(Fc-Uracil) St .IsjIjj Jxj a (w) . (jjjjjlSjJj AH-aa AjJLa! A£jL _j.S jSj 

. jLaULj jjkidl j jAUaJ! ^yLuS! ^Lij jl jLjJI a in a JaLaII electroactive 

jjJaj (Electroactive guest) Li^aJI JIjjU j*j "jj-lu" Laj (j) 

cjjlj 14 t>) . (Functionalized Uracil) JUi Jj*4 jjj— S jjSI 

. (AjSjjaVI AjjIaaA!) AjxaaJI J)A 


94 



(Ferrocene-uracil) JJ ill Cir ^Aj" J c^j ^ j^aj 

6.2 (JjjujjJjJ <LudLuj ^Ao ^ j Wj V jc* _jA^l aJIaiIujIj UjIjj^£ Ja-ujlill 

c^jjjlill j^LALaIIj A-ija Vi ^qq ill Ajjg a o^jli CjLuiIj.^11 oAa Clij^Jal . (^ 

Akjjj^lVl j-kiL-akllj iLiuj^C. c^lklH A_iaALujj!)U1 C1l}IoIA 211 ^al.W'nA j^aj 1 \f\ din Jj 
ji ^ t- CojLaiVl j-lkjj .A_njj^Jl C^Ua^aII ^kaktAll ^qq ill ^-uiaII Ajjg y/i\ 
JojaV’iI !>tajla l j & j jx'u/ij Ijujii A nJ-i) SjjjJja ^^A j tSTM A-jjg Lisl jo jiJ jl 
AjjLAi^I aj.w a C u jl jAl jll di3jll IgJls tAklall ^jL^. 1 ^jjlj jaVi 

.Ajjj5Lia ^jun’i 

4(6.1 jkul 4|j,CP J (Microcontact) kclddl U 

cjji £*§-* ^ 4(Witesides and Coworkers) ajXojj j <Jj5 (> # 

.AjjIja SjjjJjaiJj c_a 111 Akiall (Jjl^.1 4_llLaJ ^jlill £JA^kll ja _Lal_Ajl jjj£lil 

AjjL^.1 SAMs -lal-Ajl tJj^wV'il SAMs JaLajl A-i j jjJa A_iSl jOjiJ C* Uail AjVq'ill j 

jja ^ik JjULkj ^ caIijUI ^ .Submicron ajjj%g A-njU. ^UjI cJj 
j'u^/i^jaJ jj SjU ja -laUa^ j (Elastomeric stamp) 

CjUjj^ ja J jI^a jjlj six. t " _j (Polydimethylsiloxane PDMS) 
c_a111 ja 0 six. ^^a c"Aajj" — 11 ^JaLaoj Afij ^jjj (Alkanethiol) Jjilijl^ll 

JJO ^lalko ^3 <alikA Aiiall ^U.1 ^jl j ^lA^j (Jlki tilj .Iaj j^AJ .(7.2 aYi 11 j 

c 5ialiall ckkj l_a^ 11 (jli-oii j£aj jl 1 Jakill *lii (Underivatized) Aikl* 
Aijjia ^Ijikkij aLUI ^jlill (Underivatized regions) iSuLJI jjo 

.Ajjl_lAj£ 


^ill c(Template) aJIH Xg£^ SjIc. PDMS —11 ^ ^ ix<ull jjlj 

cAjj jjJa Ual jo jlil ^jlJ ^Jjj^xg ^ juAii AjjIjx-g AjsI jOjjJ djljlSj ^al.)Vu^ilj ojUijj 

jjo j Axj jjoj j ^-LxiuaJ Aiijoij ^A Ajla!ill o JA j . ( LaA J^c. j t Clalj j jj£ 1V 1 A-o LiSl jo j!iil j 

^U^UxiaII Cll3 jll jV cA Joa'ia AilLall ^jl j ^xjaVi jo o^^xj-g ^c_uij jjj^lil A ^Ka 

j^Ajj La£ t (Master) ajjoujjII Akjaiill ^.LuijV Ia^ .aI.iVuJ ^ak a^KaII LisljojlAllj 

(J jkl d jlA ciilLiAj . J^a ill ^^3 o jjoili (J (J^3 dll ja S^O PDMS 11 ^k ^al .W’util 

A_iLl3 ^A Ajj jkall l_i3l jO jiJll ( -5 -l c * t^-J (J_3^ (|lCP) (5 jjSja' 1 jAA^yllillj AoLiLall 
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l^yA ,2.1c. 


4_l^lj W ^’^lajai]| Injxi n ^3 ^JjVl 

j -lie. Ajl y'uxiVI c. \* a>i |lCP 

.(SAMs) s&J CpU. 4 l oUhkil 


Dip-Pen Nanolithography ) jJalL ki^Ull Lai j& LLil JiL 

(Mirkin and AxiLojj (Jjs (j* o j ^L^Jl 4(6.1 ojiAil jJ-L cDPN 

(^jlill ^la-yill Uti j JjLa^ 4Coworkers) 

(Atomic C^ill ojill ^ ^j ! -j ^Ac. ^Lg_ill IAa ^ ^lajj ^.4 _iaAII ^Ac. <iiL]l 
Alkanethiol " jA' JiA "^Aa" __£ ( 4.3 s jSa II jAiil) Force Microscope AFM) 


JLdl) c—iaAAI (ja AjjaiLuVI Jiuil Jj (Capillary) AjjxjoAI s^aLLII 

-"'S. II A-i^^-ia (JL^. ^A La£ La ill ^ li ■ aaiA AAjlii " w .L A_jlAL]l oAa 4 l_AL^. .( 8.2 

^Jai-dl LL^jAL (j£aJ 4 AL £aj 4 (pC P) ^ j (jaa^LlL kc-LLlI 

e JjjS ^A l C j2l ojill ^ vHs (ja 4" ALj^AI qjh a \ y 1 >» cijLui£ (jjilaj ^jl (DPN) 

Aajs. LAI^jC-jlA Ju- <iKj jj£I LAlc. 4 " il '1 y ■ A dili lajajj CjLIiA] AAjlaa CjULojoil £a 


.(~ 10 nm) CiUjjjSIVI 


4 jJla.Sn uj^jhull ljUjIs .£. 1 . 3.2 


Organosilicon monolayers 


fi ^jll (Organosilicon SAMs) ajjUVI ^ j CjULL jl 
RSiXs) CjUA\ j> a hs6u Chemisorption ^LLajSAI jljiaVI <> UyLLI 
jjjjK ja X j Jj£&I 2kAo. ^ R ilu^. 4R 3 SiXo ) R2SiX2‘(Alkylsilanes) 

4 jA 4_ilija£ j j-ll^ II ISiLaJI ^Aaajl ^Ac. ((J^NI aLoiCj 4 _j — (Juj. 6 j^j. 1 iA jl 

• 9 (SAM) <ifkll (_gAa.l ^Ja^M I (ja ( »£aj ji .1 


(Alkanethiolate kLUl ^121 CyV £* cJCaJl _>a L 

4 4 -S 21 cs^ (Jj^ A (^3 <jjlj <a 2 a ^ic. (Jjj^a^J! (jkaJ 4 SAM^S) 


(j^Llioj) Jajaoll ^dajoi]l 4c» j aa a cA cJj^^ ^ILdl (_5^ 
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Jc- Aidall JIUI jIIaj .(Silanol JV (Silane 

^ ua tJjW a <_ja Sj^Jl Jlc. ^ ^ VH Jill L 3 J± 2 kj c > \* t.s-1) <SAM 4 - iAIII 

^a 1 _ujj s^j^c. JaI jo Jl <illl j j*jj <aJjaj^ 11 Alkylsilane J^VI Jc. 

£^)j^)Jjuj s-IaII A_ia£ j <S^)I^)^JI I (Jja 1 g lj^ xx‘n ^Jc o^Jjxxill ^9 

CllUajJ ^j-o o^j^JI Jl A lilall Ajjl_^.l CIAjj^JI laj^j .Alkali (_£.J_^.I ^xjaVJI 

© jjla^Jl djljjj^JI 2 _a ikjl J a 1$jj£ ^jc. XJai <ajj J (Silanol linkages) J lj£U-> 
<<illl j-q . JajoJI Jc <*jailj (Polysiloxane) Jja^Juxij J a*s n‘ii <jA 

^ja A^JjjJ A ~njVi AjIxI] Aj jl ^ u^i'i Aj 1 Aj jjJaxll (jj^jlxxill djliila Ja < Ig Ij^ x'xYi 

Jlj < JajoJI Jj IjaALujJ AjjL^VI Aijiall JJajJ (jjjill Si - 0 - Si (jJJjJll Jl 


• l ^ Xxl^j 


(jjjxxill Jl£ J ^Jc C_jA11I (_ja o.vl* a JaLajl (jjj^Lil Ajlij ^jjJaJ ^aJ < <.-*111^ 

^ja j ^ jjJaxll (J Jill lIAjjIjaj^ ^ja Aj.J_ 2 kl il'^V Jc Aj'i^a' 1 Ajinll Clilclijll Jw'nxilj 
(J jjUll (JIaIjVIj Jx-tilallj Aij^)x-all A nil 11 W'nxnj .(Jjx>i»ll ^jj^jlxxill 

VI >" — £ iSJall aj^I ajj! HI cjUjaViII < (Nanotransfer Printing (nTP)) 

All jJ ^JaJ .SJl£jl Jl A Va IaII ^Ij^VI (JA D^IaSI (Jlj CliLiiLa] " j^A^'j ^^aALujJ 
djlijja ( Jc. CliliiLa o^C. ^ja jl eJl^lj AiLla <_ja S.IQxaII JalAJ^I ^ja Ac^Ha Vja^a 
a jlx^ill j Aj jaI! (JjjJ^JI Jc. 1 -j Ja ajLlIujI £-a (SANIs) VjI^ Va^a ajjL^.1 

• Aj^)Ja jl Adlx-a Aj^aI^J LaI ^al , W' uxiIj 


(J$j^\) (Nanotransfer Printing -nTP) ^ jjUll JUjjVU ac-UWI CjVI j^j ^ 
3-Mercaptopropyltrimethoxysilane) —II c> aj^U.1 aLL ^jj <(9.2 

Jjii ^gic. ^-Lxuj Iaa < (j jf uL all (Ja (Wafer) a 515 j ^gic. (MPTMS 

^Jajaill 11 a ^gic. AcLliall Ijj!^)^. ^j 4 ^. IaII L_jaHIj ^.IVa PDMS ^l^lxxil ^aJJ ^aJ . (JoUIa 
dllc. JA\A Jj Aili <PDMS Jl 6 jIj (jx^Vilj V l_ia! 1I (jVj . (Jc>lijl! Jlc. 


^-Q JU^JI ^A .O^J^JI jXA ^JAA^>\lill (Jc* (Ja^J IaA^C. SAM II (J^ 4 6*^3^ cJJ^I 

* 

Jc, Va’iII (jjSaj.1 Sjj£JI Jl Jiiii Jala SAM — II (jaaIj ^Jil ^JaJl Jalio <(iCP 
djIJaa Aj J aII JaUjiU (Edge resolution) AaUJI ^ULuj! jJjj .aj^VI aLUI 


. A i nQ*< A. H AjtjJjall jj' 1 xjdAJ ^ 
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0) 


PDMS ^ 

*"< f"'"/. Y""'. '/""t %****- Hexadecanethiol 

m* m MM BUM iMi . 

-Au/Ti 


Si 


^ SAM 

i— 1AJ1 a uS j 

i ' 

SAM Aiila] 

Ukm"' 


Si 




jiJi jj 


mill 

LLUU LillU LiiiU 1 

mu SA niiiMMin 

i n'Stffti 1 1 1 ii 1 1 n*& 2 ? i n i ni&j 

r_ 

Si 


Si 



COOH 

ch 3 

M 


t 

t 



5 pm 


5 pm 


lajAii] (|XCP) (jjjSxdl jjjaAiUJlj 4f>U]a 1| ^UiWC! jj li) 7.2 JLuJI 

(lj) ,Aaixui4 uA j sJjS j ^yic- (Hexadecanethiol-HDT) (Alkanethiol) JjAuli&l 
(u j^Ha (Lateral Force Microscope-LFM) 4j±iUil a jil! u^jj^ 3 

LjLiaiS 4iliLa Ajaaiij ujl* j aa 4j£iia AiJaJI jjlii JjasaIL Ajaaia i_iAJ a 

Sjj^i ^jLu .(16-mercaptohexadecanoic Acid-COOH j HDT - CH,) 
j^iaj . u ^l\ <jJjj jkuJ! cm jji ^ cjlS j jiSl <> (image contrast) 

Jj?ii jail) .iSISIaVl jjA i LuAjS Lilt liLiuiSjjjiil (jataa-i ^ A^Ja]| 

lall) j jli 1 LuiLjS j^Jaj Jjjj all J ( _ J ^jiaJI SAM Si j t(af LJxdi 

.(elS J* ij a J jAajj J~i £V jjS WILEY-VCH (j- 4 (jjL 12 J-a. ja!I (Ja) (4 aiSiail 
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• MM 

1 nm 



orwi 

1 |im 


fLail 4_ajj .(DPN) all iiiSLi 4jjjU]| Ualjfr jjullS Jjl 4J (i) 8.2 (j£*iSI 

oluja. >_jA jJI SJjS jj AFM —SI j u* 1 ^Si^lall (Water meniscus) 

J aa a jjjj IAjjJj i _ r A j 4 \ u » ill 4jjLjSI aJoluI jj f LoSI 4J51& ^jj .a jjSjJI 

(Octadecanethiol Jjj^lSjJbSjSfl jij <>» AijLjab LFM a jj-js (i_j) .DPN “ULiuil 
£-a jjjLoj (J iS’ ODT j^lSiall AFM —SI (jJ \ j a-LLil 4a-jlS eiSja i_i&iSI ^iajj ( jjfr Dots) 

nm) Jajiai, SjjUu ^jj> i_iSLu Ajjjji, 4£jjjj (jji LFM a jjjc (^j .ca. 20 S S ^Jau* SI 

f>Aal! 4 j£jjj»VI 4 jk aaJ I £>a (jib 17 J-^j-aSI (>s) (JjSaSI <j$ 2 [lm j <_£ 100 

,( ? jS»SI 
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HS 




^ ty> 


10 (am 


iy> LLu) (jjjij AJu (nTP) j jjUJI JU13VL Act-Jail fl j^V Jawj (i) 9.2 JLu^I 

ji*^.-' * uaaII qa a »*' (jljjjjLw .(Si) "" jjlSj i^c- ljAaII 

4jlu£sUl (jA Aajij Aijj (^)j ‘^4* o* AiL^j (kj) (ijiUll JUliVL AfrLlalL 

[Organosilsesquioxane ] [(u^Litfl ^UiS jjS . «u 4?* ^ lg jjVl) 

ja jal\ t>) AjjS^I Jjjki Ajuji (jk. Jjj Lw .modified poly(ethylene terephtalate) 

. (4_^LjjjjV 1 AjjLtaji!! Ajxa^JI Jwa (jjL 18 


100 









HAuCI 4 *3H 2 0 

(octyl) 4 N + Br' 




) I NaBH 4 

s 

4/vw-S 

x /i\^ 


M 



XU\aW 

aXLA\ 


asuij i 

AjjjUI 


(Brust and oijh^j 9 jjla ^lill fl j^VI (S) 10.2 JiuJI 

j^Jaj (i_j) . 4_jjjU uAJ oliLuua. Jp> j5j ■ a « ilu'jfjjlul^l Schiffrin) 

. ij _jjLi S AM aal Jjhl la j 1 a Lalau. 


l" ilr-- j-g-.. ^ ^ V. C .'1~^ s, J)jL£ j 1 ^ ^1 ^jjojV 'v'u*_2 oJAxLo Aa jjl 

• SAMs 11 ^jic. piA llll 4_j^jljj 4 ijjfcjua -laLojl /p oAl All. c 4 i-g la . . jj.liA 

4_ij c jAll i J>pal ^-lik^ali] ^ ^ ' 5A (nTP) (_£ pull A qViWl ^ kc.l_±lall a.l^)A ^j] 

(Jjl _jE- (_[p> dlliila 4jjA ^ic. SAM 1 ) ^_lj ^pluLaj 

.tiiX-aj-dl i_iLuaji > 5 (Dielectrics) 


AuJxaI) Jj £11 CjbaJom lJ - 1 c- ^ jJat Jjjj (j- 4 AjJIaI Cjl&Ja .2.3.2 

Organothiol monolayers on faceted metal clusters 

(Functionalization) 4-iJijj <^a u^ljtYl s.n*ia jjL j^p A) aA^L 
ALaa. 4 yv. pplaj LpjjLjjl SAM »1 puS -"pi 44 _ia^ 11 p« 4 U . .Al U . A- 1 

(Monolayer Protected Clusters- aAIj sjI# <> CpU.1 aIaLj AjjaAl J&ll 
Lxa_pi Cii-ixAl Aplill 1 “ A maJl t_K ■’’."i ."ApUl! diLoiatiJr j IgJI jLlu 4 M PCs) 

4 jjl puSlI j CuLljjill 1 a . .ajl . lap la (_jkp ^1 4 pall pa 1 "'~i 4 a JAl . u ^ pc. j I Aj p 

.IpopaJ la3j 4pjpklVl j 

— puA ill 4 Jj£ pii Icpui "Csl all CijLaVl djladall’ 1 jll£l ^ v .-. 1 jl 

jjl aj C£ poll Alkanethiolate- stabilized gold cluster jil^ll CpVjjiiijlilVI 
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(Reduction) (JljjAYl j3jj I^a 19 • (J jla^l l jjA 

J)jg vA (Jjjiillj A_u l<Jlq (Ligands) dalAaL*_A a (JaIc. a LxxiI^j 

AdLll (jj . ^1 10.2 (J^dAl^ 4 _jj1La11 A_ia^-a 11 A_dl_^.Vl A-at3^Sl A dL ^3 A_a^jl_ill daLAJjai^Al 
l^aII l_i] ^<aVi cljLojjai^JI (Jj^ a ‘ in (J^ld a_*_a^a11 ajjL^.V1 

ac , ^jio ->UlJ ^Ldl Jolidl Ja ^ ^aSI ^vill .(Agglomeration) jA£iSl 

.(1.5 nm 8 nm) c-JJ Ailido j 

SAMs — Si (jc. <aiik^ Jx^lL MPCs — Si Jjjs a « a^aS I SAMs (ji 

Qj£la AjjjLll dal a Uxi-sll ^-Lajoii tV^ji . c__ iAaSI (_j-o A ^LxxiaSI ^JajaiVi Jj^3 A» a'naII 

da IflUJI ^ cJLJi ^i j* Q* AaA*Jl ^ ^ jdd ^ALiSlaj ^(Highly faceted) Sdi*!* 
^JajojVi <^Ac. AdL^Vl djLiiLaiS li^ldj ^JajoiSi ^ a.Wa c. ^ iiui j cLjIj .(Vertices) ^-adl j 
^y^^yth t LUlA . L_llSi ^j-o £ jliJ ^1 ( x_ujj SAMs Si dal a Uxi^ ^jl3 ik_lAAll ^ja A^AxuiaSI 

^Ac. Iji j&J ^)3 jj ^dd^ Ajd A-ildlAl! (J^LLi-di <_ja (J£l A_pl_^.Vl Aidall Ada 

^Ac. £j1_a11 ^i^)jj c(J jUaSI ^3 j c-l^Al ^3 ^ill J&J1 Ada (Jj^IaSi (_£Aa11 

Ajjjldi daLu-ui^Ai <_ja daLojuAi oAA C* al« ^ dil . ^L_a 10.2 (J^dAi^ ^jUJl ^d^SaSi Lj^k a 

L 0 ^ i ^ ^ ^ (AA^AJuJ^ c AdLiAjdll A_iia_ill ^lajuALa 4 t .d A. \ 1 | ^ LH daLmji a! AAalii aLu:^ 

^^-uuLlixdi (jd^)ll" (JAa (Jj)1*\a 11 — ^J^SaS Aj^)1_1*-o dalji-SJ ^LVuxiLa <_£^)dVl dll^A-o-oSl 
A\y xxiq nil Ajljoi^IA ^iilaSi (JddAij t(IR) sA^a^AI d a Va Ajtd^ij i(NMR) "(_£j^a11 

.(UV-Vis) Adjdi - 

£ya 1 g An. ti (Jj^da CS^" W^d*^ S-daji AjjjLli dal .ajxxi^SS A-a£-di Lai^dl j 

Jjdli dal AjldJ JIjj diia. ^(Place exchange reactions) jlldl Jjld da^lij 
</i AaL^V! MPC —11 ,> -y^\ JA 1 AiJa SJ jl jll SipaJI (Thiol ligands) 
did cdiSA ^Aj A^LdaVL . (MPCs) Adlj Aj^U. 1 Adla ^j-o AJald-o dale. ja~\x> 
y&i Uj ApJl ^ y Apldn Alikll (Alkanethiolate) CyV jAu lilVl j 

AAilalS n all ^AajoAl ^Aj Aid <j! AaaaLujIAI da!>LaddSl da^lc.li!iS ^-LAjaAS 

La-o c (. t jdl Axj dal aJxxi-nII ^JajaA ( ^ d^d^) (^g-^S u-o (JjAxAS Ld^Aa dlSAj cA_ajL^.Vl 

^Ac. oj!)lc. .Aj^jlill dal aJxxi-nIIj Jad^p J (j^ 5 ^ ^-dUa ^11 ^ ^d A^. ^AJ d-W 

(j-o ljJ3 jj j tl^j*Aila 4-iAjjJ 2j_jjlj]l SAM 11 C )l n^a. (jli tiilli 

jllij jj j tAldl oAJ .^kAl ^_k- (Alkanethiolates) dyV jAu ilSJVl 

cAUilAil (Radial control) ajcUAII i jA^AI jj^ ojXajj (Rotello) 
Templation kJjall jc. tSAM _11 Ji.b (Intramolecular) ^AlA 
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djilc-lioSI (j-o S^jju-all ClAjj^^l] 

22 


" . ^.n ill ^Ja-uill Xi£. 


Electrostalic self assembly Ai£L^I f-Lj^SlL ill ^uVill 4.2 


4jjL4 fil'aiU [JX ,Tn l^j jl jl jj jjJ (jla ClL>lc.lij <j3 CjjjjI I Cj3 j]| ^gk 


l> o] 


iU 


23 ‘24 




4 Q i Q-v 


L>« 


uSUi 


tAjj^)£ Jlo l-Jjli 

^LjijV tc> j.W^q S^iaJjuJ ^adL (Jc-lidJI 




. 4 t r, 


(_£j1iuia 1I ^3 \g » <o (J-AxUll V J tlj H>il <iixjJa 4jqjq^kll ^3 ^^A 

•gAo^ 1 

t (j4^. <!ajl j dj^lolij dllj ^ Laj lg_Lo j dilc-lij ^3 Jj 

Ajj)*v Ax>ll dale. £_daj ^^ic. d^jSJl Adi 4-g_^,j L) - ^ . LoIa ^ 

^3 A^, W'u^ll e-LiAl djl^.j 4_iia-d <^] Aj^Aj dj\ .ajui^ jl (JfLiA ^^Ac. 

(Nanoscopic) A_ijj£_uj^jlj $.ljj ciil.i^j ^j/u^-vi . ^.j-aVAl 

j tAj j~\ >!l \ .all djlc. j.a'VxAl (Jj-q ClAij^xAl (JaA AjjDoxAl 

AjoiIjJ ClJ^I A.1J j£«uj j^)£Lg ^ 1 g aM.aV'i (j^-^ Jtilljj * (j-, \l> J 

Aj^jlj j fi.lj.l2k ll^Q £.Lij ^a4J 13 tdili ^Ac- 6 _plc. J .I^^LsUjujIj \ g 

.filJ^)iJl ALULdl ^.LiAl Clllzk j t^yz ajl ^jc. L il“iVi ^llll Ac. ja^n a\ 1 filj^all >/r\ 11 

A_i£)\j £_ia^j j <ailk-o CjIjjILg AJtill 4_ic.^i]| ^LoisVl ^ l^an a ^uj 

AjIsj ^ jTull j Jax*a-all ^j-o c^j^Loill AjjIj^)^]I dj^>lc.lij ^al .W'u^iIj AjljVI 

JSulL Aju$\ Ajj!Aj djU£^)-G £.LuijJ ^gJJ J]j i^A±La jlj 4A±La L_ll^jjll 

.oIK^a 

Layer-by-layer (LBL) deposition AiJa jii 3iJa .1.4.2 


^UJI J tj±l 0 (Jj-a 6 ^)xuIaa]I Aij^)la]l ^jj 

^^a jiill (j4*-G c_l^J 4_udij dAjll C5^J (Macroscopic) 
(Solid substrates) jjI£j 1I ^ jkxdl ^ sjUSI 
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(j-aj 4 <JjujJ-o]1 SaIoII 4_ijl£-a AjA^. Jajjd AA^l C -4_a_i3^) AJjj^V ^jlc.A£ cl^JjLljj l'a! jg.xxll 
^-Lxjj) 4_1Jj£juj jj£la AjjIa^. 1 ^j 4_ixdll (J jIuiaII ^gJc. L_JJJJjll d±dj 

jS jj jl A q\“i*s < Q <_£jdl l x^ijl j)£-aJ 4 ^jIc.^£ lg_9jj-aj L—ul^k ^lj . (djj^)^ 

j)C. jUs'lll (j<a j£d AilijJu ^al ,W"n J (jj cjllall (JjUjoj ^-ic. .4 (j-ajlx^ad 

1 AAkS-lA ^.LoiC. jj^,J ^Ic. tA-aC-A-all SaIoH AdlljjS — 4jjj-saJ (j-ajlx^ad 

.dillifLdll (j-a Ia jjx! j t(jjLui^liil A-phjfS dilAjjj£ll£ l^al AVuxil (j£-aJ 1 


jl 4_illa C__Llujj!i]l Plllij ^_ajujJ la jJjLj i^jJalall jjiill 


Jfl 


Ala 


CjL! 1L ^i-al Sjjlj JjSjI (Level-by-level deposition LBL) "aLL 
LBL — II (jjJaj 4 jIaJ 1 3 .^r.Lxx^U <L-^Laj 4 ^xu/i^ (Costings) 

gdjjVI (j-Q AjAxJI £-a J cAjjjlill c." llaUxi^ll £_a 3^-^ dl3 J ^ C l*aA Vdil 1 g *l£l j tdll j^uIjJl 

tjii ^SjjtLai i_jjiUj]l Aiijjall ^.ikiau 26 .(Multivalent species) * jal£jSI s.n*2« 

4x31a Sjii£ <aiH-a 4jjjl C* iLjxxi'S j dll jaiI jJ C* ll W x xill dll A C* lie. ja^all 

Ljl£-aV cVjl . lg,*iL\ xxi) ^ <ia $. fc LBL II Sj3 (ja£j »^.Lxxi\Ij 

3 ^jL (jc. tlllj 3 WI SaIc. j . Ajjf^xxi^a c* ^£1 <-oc.Ia!I Atl^ll SaIoII ^.Lxxi 

tJaVl (." ll n j^. jljp-al 3^^)L jl ^gjlja)£ (Jc.l£j (jC. laj Ajulaill ^r.LxxiVl (JjAju 

dlljjjVl AAxlla (JjNa ^3 Ajj^kxxi^all ^r.LxxiVl AjAaj jjiLij .Pjj^kxxiall dllc. ja^all 

J jL-d 3 ^^ ^jl jp) 6 jjx^3 ojp3 (J^li. <ja£l*ila c.” il w xxi (_^a (Polyion) 

JL . (l_iaa1I (>a <3U. ^ djlclai Jjj (Polyelectrolytes) aa*i* 

j3l£ill AlC. (j-a 

<is^ L >x 1 £xii cilLl jj£jJI cAiaaill (Stoichiometric Number) 

(ja IAjxj 3 ^^ c^jJajlill Al ^-all ^lu (^J^jV^) * (jL<a^a (jlll^lij . (_jla^)*-all 

(iuiiai) j t ( L_iijujjjll Pj'ac. 3Kn JtiSli) AAfUl l_Luj jj (Jj3 c. 'q Lilli c_jjAa]1 Jj3 

^gjlla.ll P-IaJU Pj'aC. ^aJJ iillAjj • JjVI AifUl c^L-l ^Ic. Lpl J AAiia i. > Uxxijp jj£xul 

j-a JJ^£ (3 fc (l 1.2 (J£joJI) Ajjlllo il W xxi dll A dllj-aJjJ (j-a Lltila Ajnxxijp dlljjAj 

jja <j3lJ=L4jj t (Ellipsometry) * a^I^uJ ^IjSj Igjilj* 

.(UV -Vis Spectrometry) ajj jJI - aj>>^\i\I 

l^Jj cAjLslI] A a la Vi a LBL ^1 Ia jjx^iVi 3 Aj-u^^I U^ - *^ 

A 11 (jiajSjj lAA .<Jjjlaxll dll n.) a 11 a ^^3 jljjAll LajlLaj Aj^. (jjlj^, jljAlujl 
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< 3 jlio) (Steric demand) jj*. c^ULlo Jit ^ jiau 3 jSLJI Jolij J 

L-i j^xil <jujLoi^. La .la. ^Ji LBL (Jx^. Igj-dli (<_£^}dVi d_L>lc.li!ili ^ia^j 

<C.^AaA ^ i ^nJ-i i 4 _ijl£Ai ^A LBL IS £_£^)di o^ia dlliAj . 4 jS^i.Ali ClilAiIali ^9 

4_X_l±]aIl *LS J)'' 1 ^ A AJjujLoI^. ^.A cAj^jlili djLoJjaiaJi J 4ij)*Y dli ^Ajl ^li 4_Xjoli J 

.(Counterions) : LaJJi <jo£U_a]I cAj jj! 1S SAia-dl 


jA C^alc. (J^ dn oij.ia. ^jC. ^_jJa3 LBL Si L-J^IujV £_uj!^]I J^nlalili ^LLo (ji 

cAj jAAJ jjUaili ^_^dSi (jc. ^LSi (Entropy) L^j^iLVi ; jdj La ^^Ac. 

4_j^)IAa£ j "^.^Jajaillj ^jj)^ L'iaSI ^uS^li JjL-alili .lie. dj\, n.^ll ^LoiC. j 4 W Aili <joi£Ix_a 

^)Adl^li dale, ja~n a (jJJ dl^lc-lidli A x^ijliLo ^Ac. ^ji^LoVi (Jaxj 4_ilji 

La-o i UJ)^ Li-oll ^Jajuj £_a AAjLaa CIlAc-IiL 4W L‘Ai 4 ja£Ixa l^jljjjij LiaSI 

cSjjjjjjJI ^vi ^ill UjjdV! (j\i 4_ilc.j t^.iUrriVl ^ Ljxxn ^niu 

.^gJLuVI o^J 

Igj ^j^aiuj L-iiujjplI 4 jSac. J c > u-Vn LijjjaiVi A Ajg 1 A-o^-oll A yj‘ \\W ^jj 

Ljajl t^ii V] to^tc.1 ^jjxo Lo£ <Axdl ai& LI^-q £-o j (j^lj .(Kinetically) L£^)^. 

o^iaIaII Clai^AjS^Si ^ja 4 a AV 'll (JAaj 4j J^loll ^dlli • 4-JjuiJJ^ll AL^laSi dji-lALo Ijl^, (jAx-a 

jaL *LkAl 4£U^ Ja\£ J ja ^jJI ^ j .(Kinetically trapped) L£ ^j^Ai 

tdlSi (J£ ^ ^A t4L--»i jpAli 4_ilkilSi 4_mSi <ji V] tLjLu A^ila l_Dj-ujp ^a \jL*s o^lc. 

c^pk^t (Interdigitating) (j^aaull 1 $ ^ ^ cIjI^aJjJI Jdld iumj c4_^-dalj jjc. 

1^. LjjLa^. 4ij^)lall jli tcillj 4iLdaLfL (jiaxJI \g j>>i» 1 CIjVI^aI 

L_Jjjj^il ^iJ 4 _a^C.j edliaJlj 4j^Ja^)ll (_J1 a L5^] 

. ^A^l^ill L " ^ L\ ^ un'l l 


cLBL JL L-iixu^ill 4 j\a» \ S^laixdl (_ja 4_djLill ctiilj £a 

jjLdlj LBL Si <£j^>Ia di jh jli ^UlLj IaJ^j V ^jli 

(_Ji 3 ^ja dji^Aj]^]| (_j-o Aj^a]! ^Louj ^jl . dilq nLMl ^ja L 5 ^ 

CA.AUuy j (^iLali C(JL1 a]! ls^") LjjJaC. ^ J* ^Lo^jj 4-iiilaj j 

.SAj^)3 4_L\j^£ j Aj^dl^iA (j-ajL-ad dji j dji<i^Ua ^j'u/i'i 4ajL 4jVq *iSi 

^LljjoJjujI (J-^xj ^ji 1 g '^Aj LBL Si ^ai , W'nL <3tjj-aASi 4-jjqiC.Vi ^j|i 
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.^cil L-fll i.si\\ j j£- ^ya djl q^l^j C(Jj^a3 AjjoiC-ISj 

.5_iM! dll^All ^3 C )U ) llaJ ^gJc. 'Oj4» 





^Jxui cj|j AAjjJui jj£L« p] ; LBL St 4Jlij (j^> ^ola fUic- 11.2 (J&utSl 

(Poly cation) ojjM (Polyanion) ojj&I JjSU-a ^ 

i_j jUl4 l-lu ujj lilJj £h* ^ujj (4 j 2) Jioiil Uijlai, l llaJL j j^Jt jilt lJ Jc 3 j 1 £)U ijlaaJl) 

CjljjjVt (jjjjV 4-ulxajlit 4_mll (^) ,(.„•) 4 JjUL« (Polyions) lIiUjjI -.1x14 

0 - ) -(PAH) ( (jj-aiLJVI AjjjIZjjAjA) .1.1x241 j (SPS) ‘UHuiaI! ^jjjIuuSjjSI :4j^jjAlSt 

. (ji jlxJl ^ASliI 4j£ jjllft Ajx aaJt ^yi jjtj 25 X-^j-41 
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(LEDs) f LBL 4 j«ujc 4 .S.l. 4.2 


Conducting LBL films and light -emitting diodes (LEDs) 

liMi Will J J i£A^JI 4_ilXA (_JA djLllLaj L_±2 ^>a]I 1 . ILuJ^ill ^AJAJ 

jLjj ^ JS JiU (Fine tuning) jja^l 

CiIjaJjjII ^a AaiA^JI 5jaJil! (Rubner and Coworkers) 4jX«jj 

CjILlLII oJA*la A j.ar.l (p-type-doped) 4 jLaa 3I P — r >j LuljJ^ 

CjI (Derivatizing) JliLil ^ LBL c_ib^ jSj .aL^oj 

• AijxjJa A-iLsa yA dll j j A_*Ja idi* Ajjj a^lc. ^llll 6 Ajj)^ .ud >*Q) 

j Polypyrrole SI J Ln^ cJj-aJjj J 

^a, w'u^il La£ ^j^VtSS aLUL jl (jjjLLdll Poly aniline (j-ilji ^^.S^SI 

(Assembly (Sulfonated Polysterene - SP) jjjlaJ jJ' 

Jdld ^ a^jU) (Fuzzy) A^jal jl! jjc. aIlLSI a^l dnjjl j .Idajl counterpart) 

^3 o.1iLq Igjlj tA^iuj Ujldl ^aJJ Lo ojlc. ^lill j t(A_plxJ! (J ^la dlliilall 

^)J i£ . AL-a^all diliilall ^l^jdiuAj C Lg_jV tAJl^-Sl aAA 

0^.^-q Ailidll A Vnxill A-iioiC-VS (j] . c-l-uii-IS A_iix-£a^>a V^Sl 

V cjVUJ' cAs ‘40 S/cm aA^^ cJ3j tAilidj (Uniform) 

^llIaLill (jj .A_bJa^a A ^ yA \\ UjIjj A_LSa L-Ujoj^jj ^ya ^ ^.o) ^juj c_llSajj 

A_jjj)^ aj.iS 1 g.\j^)g^SS ^S'uti^LiSl ClaL^Lla ^A AjjoiC-VI 

.(Anti-static) 

- LBL kaj^jlaj kaal^Ldl eiil ja 2 ^21 ^ eiiL^L^all - ~ 1 * _ia] 

eimj ja j (LEDs) <• Aiic-lJI ciiLuLiill AiiLj <ioic.Vi 

l" uti-tW oaAxjA <4>jjc.l i j^sj kc.^A^-A (d^a ^ja eiij^».l cIiLaI 

(Poly(p-phenylene Vinylene - PPV)) p- oM^) J ^ 

ai ai £ ) LS lc. LjjjV' ob.i*ia ,*-a Conjugated 

dUiiil t^lc. ^a i(cjlLS J^ja JTO) (Indium Tin Oxide) 

(Cationic ciiUaLJI ja^j aalj ^'.(12.2 JkjaJI) ajiilSS JaL*JI 

S^A*la kLaj Ciiiti (-iaiLaII jjj^' >«2 jJI £-* PPV !1 t> precursor) 

t- eiic-lj PPV JSjoJ tdalj^a ^-?-j i _L£V (in situ) ^a^All ^ I^jjaL diliila]l 

.(LBL — 11 l cs^ La j) 
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PPV/PMA dlLJai) JJxlo (S) ucL jl^aJ LBL du.ii* .12.2 JLuJ 

<-,l i,U\\ jjxja! AAjJmaSI AjjLuiaII 4 ■ u '’fl SI ^Uuu (i_ij .e^j PPV 1 AjLuu JLuu 

Cm (Holes) dl^ PPV/SPS 6- dliJaSI ^ J*\ J* PPV/PMA 

ySidll jjjju ‘ITO j^iSflj PPV/PMA — SI 

.(fLjjilS j^jlaSI cm cPW 32 >aSI cm) • (Electroluminescence) 

(J£dj £■ jda]l dm JL3 J ^ 4 qK Jjt AjLallll I ^ ~^Vn ^Slll PPV A_ldc.| jjl 
Ld£ j PPV A_idc.l I ^Sm jj ^sill iA\\\ jJjLo^d a^jljl ^-o ajuojIj Cm* ^ 

cAjdLdj j d.ldxll A^Ldjoil J}dl ^jlljaLd]l ^ It"- a j d . .ill ^ Jlldj A-lSldal a IgJ 
Aj^ULdll ^_9 I a jdS t JUdll _} " ■ - ^_Ix3 . j) ^ V I ^o'ldJI el AH AIL£j 

^lA^j ^3 O^iiaj J& Ld£ (PMA) ^ ^j]| j SPS SI dbVui'l 

Ajdcl dij^iii A1 .(Anionic polyelectrolyte) i-^dJ Ad jdV I Adljj^ill JJUmll 
(jjllj diLijjjoLd (jjm l A 4 ja1£j ^jic.1 jld diliUlS PPV/SPS ^ l<~- d (_j^>dl 
P AjLi'VI ydxj Jl lilli (_J j*jj . PPV/PMA Zj£B>S!l! AijtLa jiilL JSI (oVV) 
tAibdll Ajda^JI SPS — II a_LuJ o PPV — U (p-Type Dopping) 
j) j t( dl ddl oiA jl . Bipolarons L-ALad/i AdUi } Polarons ai^.m dL jjI 

(Jlmill yT>d]l cCr^ Cr^ • • AjI . Cm- 1 l^A V) ^ 4 A. -^jAI j Cm- 1 ciulA 

jl^JI <0 i ju.;Vil sjjJI sAb jjddi c£m?.j -(Luminescence quenching sites) 
£di <_ 5 All PPV/PMA «.l *ic.j jjiVl (jjj (Hole) ojmill JIM Jj^dS jjjL (jc. 
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Ja A_ijl_lill djlllLall ^ js* x \ ya Cill^ ^jA\ (jli 3 ^.L y-^ 

(y 12.2 Jiill) PPV/PMA -J ITO -J u* PPV/SPS -Jl 

fijlc. jA j C6^.j PPV (_£jJ jai-0 ^j-Q ^.U 6^1jj CJjjJ-uiA yayU 

.D*li£ JJ^I Clll^G £Ajl C5^) (j- 0 


ljUluIsj AjjJa-a Ajjjlj CjLaoui^ X-a L6L .(-i 1.4.2 
LBL with metallic nanoparticles for sensing applications 

yij$Ll A_Jjuj^Lg 3^-g (3^ 4-JoC-l A_IaJ^j A_L*a^JI ^ 

Clllj j)^ Jl ^J^laJ ^9 A_^gAI yA$\ 1.^-1 cULLuj ^jjxg ^A Lg£^ .4 ^ ilij Cj lljj^jjJj 

J j . AjjIj^qjS j^Jl ^j^uj.) V ill Cljllniiij (J^Wn LxuS o^c.1 j Jjlil j tA_fjjja£LlVI 

(Citrate-stabilized gold) cJjlJIj 1 J^A\ l_iaJI ^ aj^jU c A* u*> Cu.WiJ 

II Aij^laj Jl a w Jl aJLuj aw cJi j 

dAjj^^J ^.Loic. ^1 LiA A^jauj^ll j j*j j 33 34 .(13.2 (J^jJI) LBL 

a^J J£J ^ (Electroactive analyte) (a%II <-gj^) aJJ^ ^LkJ aJL j$£ 
^.LudiJI La (jl2o ^g .(Host molecules) a W>»,q ciAjjL^ a^gxL-g Aj^jlj cJ 

^-Luj ^Ac. IaL^^Pj (J^L-JI ^ y^ Cy Lis ajjJiJI Analytes ^ i.w 
Aj \\x ^g\I Aj^jIJI diLuaJl JgI£J (j] .A-aSLJI yt. ClAjj^JI ( — 3j^'\l 

iL^_Lg A xjJ^ll IjI^JI } LBL 13 A_iLgC. 

^j-g <c . I JjuVI a2£Ij (Stratified Array) a^I jiJI a^WJ! jl cVjl 

^Jl 3 g-g cA_ajjJaJI ClAJjJI ^ jx> Vil A_iaLuia 1! A xWi Jl ^)3 jj Aj^jLlII CIiLuj.i'sH 

. y^yth ti _ 5 -L (_L*j A_i]lc. L^.Luia 

5J^I O—" Cj A_ij^*-g 1I Aj^jlill dj\ ^Uxi^IIj (_J_ijk-£a Jl II cIjjU 

.yy^A jj^£ JjLoj y l o^*-dl j (Electroactive analytes ) LjIjj^ 

Clsliila c _jlg *sll AjjoiLoi^. 1-iu/ii LBL II A^j^la ^-g-u Li ;LLIIj 

J C- L_Luj£11j ^-GjoIJ Lg-G A^lj^jj^ll ^J*U*lV^II a^)Lolj *- ^jI^^II/AJ^LII CIjLgJjoL^JI 

. (10' 5 - 10' 6 M) L ol JJ JSUJI 
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3-5 mins Jp^ NHs * 2h 
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Si-^-NHj*. 


47 

»®2©o 

0®$ <v©. 

jm /> 


©0 


r™a>*;K! 


Et-o. 

TES^NH 2 = Et-OSi' ~NH 2 
Et-Of' 

lIjIjIuiIU jilol^ L_lA J3 



Aic-li jbuiluil dUjjaSJI £)* ^jaVII Adjia 13.2 JLuJI 

(c_ )j tA ddl AoILlu Aj^jU ljI auja (I) AjjUIa l-llujjj d jld : (functionalized) 

t fljddll £A JLuJI liA ^ LjljjJjiWI ^ Jj^lIII dui .LaJA Aj j^ulaII ljLlusaJI CjLjja 

JjS ,j4 ^jjL 33 £^>dl (>) (t idall (jjA\lijS$\ CP * fldMl Adlc- A-lujLua 

.(dl£ jdj Sjjia-a A£ jJu £V jjS WILLEY- VCH 

Cj a ^5 tA__ajjl_ill l_j dal 4 n *) (j — a A c.j)U.-ia 1I dlj^^j *i^NI d \*\a i 

il d^Ld* J^d A_a j^dd dldjA ^ j) Bipyridinium cyclophanes II 

^dlijjj^Vd a_L£ 1 uia djjld j ^ jdj cLBL U ajjU-ia 

^jxoljjdlj (jdlia^pVI (Jaa Aju^ojt II d^ylsLill^ Aj^laxll dlla^dl (JauhVi ^-Ldj 

.(Neurotransmitters adrenaline and dopamine) 

dlla^dl A_nj Cy* £d Ajl£ill od aJojojI^j Ax u^iaII dlj jjj^NI od Adldjl ^jl 
A i\ iN\l dd^dl Cj±i (d* 0 ^ (J^ld-i J L-JjiD^aII ^jl ^jd d j • A-lidd 

. a IjNlI ^j*u*)Vil c. ^u^aII dj^d jIxjI j Analyte 
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^ IV't a£a 6<iUi ^Jj AildaVh 

dilliiall L-^Iuj^jj] ^aJalill J^iiLaj (jj . <_ja ^lill dllilla]l 

^jjjidia^J e^_^l ^j-o (j^-° cLL* ^ Cllijl (_^ill) AijjJa-<i]l A^Vi^aI! 

.J£UJI c> cjjo jj jc. c. <^Stt (Bifunctional) 


Hollow LBL spheres 


*lij*fl LBL cAjj£ . s 1.4.2 


^JaxuVl C <a\"iA a ^^Ic. ^ g ^nL’n ^lajaJ LBL II Ad^la A. 1 a ^aC. ^jl 

(Non-planar ajJLaaII jjo jl jJaSI dL ^L^Vl tilli ^ Lu c3i j-duJI 

LBL —Si ^ k±n^ AjUjj jjjLj tjlidl lW^ cr L fJ .topology) 

CIjLgJjoL^, ^j-Q L_lll ja ^)A (^)Ai]^2l (_JA *U ^Ail ^21 ^)A l -— ^ J)J>*1^ 

(_j^!yLiA]l dA aLo^^a ^j-o^ dA^u^ ^lla c_jjlli]\j laA ^a ^5,^6 ^ 1<Q 

c> dULiu (Weakly cross-linked) ^L-aall LLdjVI Aqj »*>» j tAddJI ^ j* 
(SPS) (jaLoiAll ^21 c^JIa) a_±^. ^ ^ ^11 LILuj oj^*iLq ajj2j_>^I (J2L^a 
CjUjj^ gjjju 0° ^ -dj .[(PAH) ((jxo^yLJVi djjKjjdA) 

(Jj-saaj nuijil J^.V -d £-° tl-g-1 4 -^La]| ^a ^xul^ll 

^ul ^21 a !\ t aLdj dj O'jj-' o J)L*n (J£ £JJj .A-iILaII ciAjj^y^JI 

J-IxIIaII C* n\j^jj£lVlj AjILaII dl aj^i-nII ^jl . ^j!aa]I jl t Qj» Jid ^IaaII 

J (Strongly acidic conditions) ajj$ a-i^a^ djjL J] U polyelectrolyte 

( ^L^AjA-iljVI CIjLaIxa^JI IjUajoi ^aJ CL_lUI (J^Ldl (JI^j ^1 

<*aja J)Lk (Permeate) iaUillj 1^1 — it-Jll a^LII oligomeric 

.(a - 1 14.2 (J^x’liH) ^ai1^2! ^>a ajj^j^ia ^li ciaV U^ljj 

CjUlij ^a (JL^JI ^a^Ia (Ja^ Ai\aj]| ^li ^’lUjj ^jl 

J^Uai ^ a Iiua (Jg xdl ^ja Aj^ajill a£Laau jla LBL 

^aLVu J ^j£aJj . C_flj^)ia jl 6 J)Jaa]I diLliLl! a^C. ^J^)la ^jc. ^pA^jLill 

70 nm (j -0 ) ^ 1 j (Jl£joiVij a*_ujIj Ac. j<q> ^}a cIjIaj-u^JI c_i]lja 


Jl^. 1 (. VWj LaAic- i|tuua (Jsl^ dll^OA^jj-a a^C- ^ya OligOHlCrC ^yyaj*j\j\ ^ ^ 

.(^^^0^11) ^yy*jiulj^\ qs\ \ dll 
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(Biocolloids aj dLjjJ] 10 |im <> Jj Latex (o^^) 

dliila £_ujj (Jal a1£jolia]I ^iil Jll . Adl_i]| cIjV jaj,i ^11 jL*jI .ij.wM 

^ 1** J)^ ^ ^ (_]A i*n \ ljj|_LO_l^^ \ 1 a : j« \ ^Cj\ . n ( J^aJI a£Uuj 20 nm Jl j^) 

A^dalj Ax ^ll Jll tL ^L (j-o ^A^lj •( ^ 14.2 lMI Jdl^ ® 

J 2-1 nm Jl j *) SjJu^a (Polar molecules) ^nLa dUjjJ (Permeable) 
(Drug 4 Ajj^VI (j-Q dle^ 2 k Jdj AjWqu^ dlajsd ^>dj l-&-a 4( Jnall 

»o^)j)K.ro"\ < Q & ^\x,ks-> d^lelil] ajjJJq d!>lelLo (Jji-ujjj 4Delivery) 

dV j)*j.i ^11 ^ Jdj dl w ^ ^Je ojai^dl J Jjjuj ^Jc- -^j 

dlla^a. A_iaI 11 ciil cA_ijli!ijl A.Wortl (Nudeation) AjJlj _j£l^-o Jal,W"n;,il 

j».tif\\\ ^ Jd jl I ^dll 1$ g j > jj JtiSljj cAlaljiLo aj^Jj 

^Je I^jj^ajk-a dV jxxn^ll (JdL S^JLi! ^-oj j *(j — & 14.2 

37 *(c14.2 lMI) jJJI j ^Vi'l (je aJJI J JujIj 4dl^<u3JI 

jbuVt AjJUII ljLS .ja3) .2.4.2 
Three-dimentional nanocomposites 

(J^jd A-jj^s /dll dale ja^aII Ldjl C‘ 1 Vi cLBL II AijjJa £_xa (Jl^JI ^A 

Ajj^Ij dlx_iAd (jj Jj Je Aj Jill dLujoJI JsuJ Je AIIAaII j qjSXju* 

dajl JJdjjjJII J) Vu J 4 (JLuJI JaLdl J A_ilj jdul . jIxjVI 

J] AildVL . ^di\ ^3 ^jdlidjl £-o a^x-al^-o 

A_aild<JI A^lxi]! dl j die j.q^.q' 1 V A'Will Aj^jjIHuj j^)^ 3I d!>lelii3! ^jli tcilli 

Jtllljj t^Loaall AjLe AjjliiljVi ^l.W'u^i' ^Se oAd (Ja^xj I^A j tAK ^ill 

dl_ijl^>aj J j.W<q Jj 

Jjj c ^ ^ nllluj (Jeliill (JI£jujI ^j-o (J£juj jA -Lajl^p]! ^jj 

Jaifi d^lj -LjJ (ji! \)\)y A_Lajl Jl ^Jlj Cd. j . l_Luj11a31 

CjA Ja ^ -ia^j J^' J* ,^t\j (jl ^xj-o^IiU Aj n-N j j.ljl A_LjI Jl ^a-ujJj tld^^. A_j j^k x'd 

Je 0 J^lc> .AjJ^)-0 dULij] (jj^£jj C ^ \ \X , II (Jg,x*lj La-Q 4(jJ jll aJU. Jj L_ajVI 

A_d^jJI L_fljUaJI (jjj IK^all cd^xllll Jikd (j^-AJ 4 2. 2 Axokll ^3 ^A 1-<^J 4cii]j 

(J£ ^3 oJ-bddl A j n~N J^).\)gll aJojI Jl £.I^J jpa ^j^xJI ^LVuxil (J^ld (j-o 
(j-Q Ae J-Ai-Q (J^xxljj J.jAII I1a Jdl . A_lel q*d\l die j^-saII jjjj Jol£l]lj 

.jIxjV' (Nanocomposites) aj^jU CiUS^ dLijV A^llail ol jjVI 
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polyelectrolyte Cui jjiibU ^UUil jl jUVI : AjjaJjjI! CiV junSfl 14.2 JiuJI 

ft_i i.i) UlLui till aju uaj Lf }& (JjUifl) AjJUJIj j^jUjJI) AjajUl a /V.tl 

ilUjjjiWI jJJaIj Cfj y. mjS (jLjJj { J uli JjaSUI JUaJ^tj 

i_uSjj]| jjjxjj (j) A * . ililfr j .va .-i Jasj Ajj^jL OlLJa. AiUal . (TEM 3 J3~^ 4 A) 

JSdm bua. <CiV j‘ ujiil Jib ^!( jjLuJaJI £2J UjLjIaII CjUjLj jS 

6- — ! ,■<>*>" 5 5 j>Li TEM S jjj-a (^) . dil j_Jbl Ajau ply (Nucleation) 

jjc- discocyte * Ja. ^ AjIw ^ls Jib SUU carboxylluorescein 

(9lSj^j 9 Jj±»j> ASjU ^VjjS WILLEY-YCH <jj| £-* 37j 35 <>») ■(jjj* 


AjjjUil lAvjdj-DNA ^ .1 2.4.2 

DNA-induced nanoparticles assembly 

JjI J _> Alivisatos ^jjUuJ j 4 Ajc.Ua. j Mirkin jUjj^ JS UJ 

A ij.>>r.V Aj plj CjUcjaJ ^JAalill ^3 ^ jAj^JI AJajI j Ajajjl JU 1 ^jjjiUui 

DNA (J - — " CIjUjIjj] JjUl U Jj jjjja.UI Ai Jj ' u .;! C* 

(Hybridize Utah jj^jU jL (Complementary DNA sequences) UUull 
t>j .(Double stranded helices) -U>U ^ jpj* j 3 J>U spontaneously) 

Aj^jjlj L_iiU CliUcja. J)j i JjjC jjia-a Acjjia-o J£ JjAxj ^aJ 4jjjl^)la]l ^Aa.1 JUi 

Aihi- (Aa.lj DNA -U>i CiUjU) (Oligonucleotides)^ 

(3' 3' ajI$JI Aic J U 4 ^iIcjj^ £-<> (Functionalized) CiaUj 4 UUU jU. j 

^jU jV :UjjUjjliull JJ5 jjc ^ Ajji. SjU :Otigonucleotides jjUjjKjjj jAJ J * * 

RNA O^c. ^ dll J jIjjjKj ‘ ill 
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Sj)3*a^kH 4-pl^.Vt diliilal] LgJtaljl ^jj^xul Termini) 

CIjLxUxu^JI j^A c_flLjaJj cA_i]lli]| 

£-o jl j Jajj-Jij DNA f. > IJjll liA J£A .(! 15.2J1AI) 

^Ic. (J^) A i " '' ''.)‘ , 't v ^ LS^ A djl JjjIj jjj y*_il <LaS-a 4j ^y> CllLil^j 



. aVi-k ^ JyljjjK_A_jAj^ 




1 50 nm ^■■E 20 nm 


jjr» Jlj^> 4£±U1 jIjcV DNA (jixiaJLi 4 ajaSI £AA*jl\ <La-ut jluil (i) 15.2 jLuill 

(Oligonucleotides- ur^y^-* Cy> uAj*- 4 ujjjj'-' u j < i j , ‘ |, > 

(lj) : — ! TEM o^J>^ .u jiVAa uj|jj Functionalized Nanoparticles) 

AjL t31-nmj 8-nm ^Us ljajII £)■« cjl A ' jj Cy* ljj^ 9 

(120-fold) A 3 ~120 AJy L* ^ A* "(Satellite) csjl.i« jjIj" 

Inorganic Chemistry: vol. 39, no. 11, (2000), pp. 2258- :£y») .8-nm cJjjjC- 

AjUaAI' a .:' A ? " Cy* oA 41 . j 4-Aj^Vl ALaA A* 0- 4 cP! f® -2272 

.(ASj>*V! 
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^dllAa^ill ^gaj)V^x>^ dal l^$ -lajl^]l ^3^)ia L_l^lia-a]l (. fl^jVill ^aJJ 

A_uLuiVj ^jj (_£a!I t AB-AB Aj^)j^ A-ib Aj^jlj dal ^u*)> A_LxuiI^j Ajla^-aII aJjULaII 
15.2 J^-dll) ^j\A\kk\y ^al.^i W)l ^aJJ IaA^C. aJj^joi J 

^^3 (_£^ll 15.2 jSdll ^-3 A_1 iia]| ^^Idall £jlill A_iij ^A ^j-aldJI ^LajAVI ^^ill j 

A_n2l (j£-uj Ja£3 Aj^jlill dal a Uxi-vll ^jjQ J^LaII A hx a t_S j^>la ci^* 

lg-1 AiUJl ^^k*' Q^)J* AjjjUll dll a ua^ll (jj Laj . dlia^.^] ^lill Aa a^aII 

3^dj <jl AdJI c^jIaaII £jtlll A_id ^ jld ^1 .Hajj A Wg a jjc. dildj jd 

. CIAjj^aII aJ^tliA jl^A £_ii*-£ali] A_aJ)^UI Adldll daldlll ^ja AaAa. (j-° lAa3 ,Q 

dil^.^p Ale. AjV) d a WiaII (j-a-a^JI ja Va A_ill (j*aSa,* a (jl ^j^aj 

jlxjj Aj^jV'ix 11 dale. ja~s aII ^n*iq a (j^AJj ^3^d ^ j^ 3' 5 3 (_£j^ill (_>^a^J1 A-ille. &3d^ 

^Sfl .^dal j ^jAd ^ £a &3d^“^ A^^p JJ.. 1 *' 1 (3° dj iI^a o^C- Ujld 

(_£j^ill (J^a^IIa A J-Va^A Aj^jlj dalAjjai^. J £-a Ail (jjd AJ Ail tdil^ ^ja 
(_£ ^_ j-aL^allA V 1 £a dal 34-^1 o AA (jdJ £-a^JI . "(jljj,i]l" A-ix-ald (J^-d dilj 3.. U -^J 

c a Vail AAa^I^ C 5 "^' 3 A ^ c) _>^1 ^JlXc-j Aj^jLllI A_iAd]l dal aJja-n (Jd (j-Q ^^^aII $. jdail 

(J>1A"\ J1 um jtiuiV’i daUti'N a AjIuaj (jl (J^aj A-pjVa* II dale. ja~n aII o^A ^jl (j^d 

<J) (33*^ L5^^ 3 daLuj j^iill L_a j^xa ^Id c JIIIa!! cr^) L V^^aiaII 

A_Lad dal^iL dajA^, ^11 Ia^. A-ille A_iuil_ui^. ^§_l]| I^A didl .^AjjI^)^ 1I ^jdl^)AVI 

jjj^j 3 j ^4 ^ 4 (c^d " c3?^ ^) (Single-Point Mutations) Sa^I j 

(FloreSCent Aj_j^iill daUti-s a II Aj a a a II Aj^jVq'all (_£j 3 ^l (j^A^kll ^j^u^iVa 
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•Probes) 


Six* j } ^jU pMM*. - jVjA' <^. 2.4.2 

Spherical polymer - complex nanoparticle 

A_dila _^ll dale j*y aII aIaL^JI Aj^jllll dalAj^i-slI co^lel 344 -0 

jli tdll^ ^a .A_aj j^-uj j^£La jLjuI dal j l.^.ajA Va 0^4 (Functional groups) 

2_ia^j ^Vall ^ Sj^fill (jlj coAaA^. 3 ^a L_ijl^^. A^.1 Ja^3 jA Ajlj Aa-J ^ j a Vail 

o JA A^.1 3*^ J jaI^II daL^.^)^ ^ a^i^I ^A a Vail AaIVIaII (3_>dVI daUaj^j ^ja]I 
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IgJ jjLa jl J^aj ^Jill tdalA^Ijill Jjdl^-ill (J£dllj ^-y^dl ^^ic. o^laJjaill dab^jA^ll 

A \ \* a L_flj^)Ja Jax,>» Ail Ja ^£.^>11 ^glc-j •&d-dl fiAA A_^JI_x_a ^ic- da l3j ^jjjIj 

Via Jlldl dlA fi^isu-a AjAjVac. dilate Vi ^1 jAjj Jj^ill (J^a^II ^jAVa l_ 2^1 ujI jla 
A, K /I) .oil dlA^Ijill ^)j£l jl AaIc* t(jjAA]l £jlliil o^lc.1 A_1 i±a] 1 ^^dll) l_£j 

lg-ila Al ^ aII Ja ( 3 Ia £A (_£du LaAIc-j co^lido ^a\ j Jl^dl 1^1 0g_ill lAA A_Lajuj|^J 

.A_iaIj1a _jjc. AjA^. ^ajj 


.Aj!>Lajj (Rotello) J^a Ja ^.a^aII j (J^d ac.1 ji di^daj aa! j 

j^yi! (Polymer-mediated) -^aJjJI ^ jJ^IJI *Vja 

(Hydrogen ^ j^aj^JI iajl jilL c_a^>*j dlA ^. j ^IaWAj Ajjldl dl a u^ll 
^jjlouljJI jJi^lJI *Vja fdVU .bonding recognition units) 

j dlA^jj Idl yd. (Functionalized) ddi» j yll dl^ul yi ^ y^l JjaII 
16.2 cJ^xdl) a_1a£a 11 L_a^)Vi]l dlA^y aIaUJI AjjLil! l_iaa1I dl a^xx^ jAVal c* ia,^ Wl 

da C* aV'a t dlA^. j Ja A m a lc-1 jl jl A^.j Aiia c^LajA^^U ^JiaH Jaj • (! 

16.2 dll) ^-s^ll (J.V'ia a £jJJd A-ajli dal auxi-n Ja Ajj^)£ AjA Jq *ac. dale. ja^ a 

A_^.^)A ^ia djJ^)^. 1 g jlc. o^lajjaill ^jj dlA^Ijill oAA A-i^jy^^Aj jl ^^.(c—a 

yill dila Ja ^£1 ^5>L2k l_gJ Ajj^)£ AjA jVac. dl« aVi (J^dd !>Ija c — 20°C o^)l^>^. 

^c. (Jdaal o^J-ijxxi daYqVa Aiij .(^ 16.2 (J£dll) Aa^)*JI 6^)1^)^. Ale (J^da* a 

(Diblock aJj^II vdl^j viaI^jujI dal_jAJ ^I aVumIj axj l-A^a ^La^.^ 1 
Functionalized ja]1 aJj^II J jlaj djL^l Jill ^aj ^ cd^. ^copolymers) 

. JaIV Jj Juxi )\ A_1j£ j ^-q j 


dl^VI cj(jx»AjA) JaS J cA'^' (ijferil l 5.2 

Self organization in block copolymers 

£daj .AjJalil! l_i^. ^1 ja^all dalliddil Aaj^La aI ^a£ 1 Ag a I jjA dal^ul ^Jl c. t \x \\ 

JIa jldl Ja Iajj 1 Ja~n"\ (_^Aa Xd jl Ajjj^IaII dallaJ^Jl dAA jI£aIj jl Aid^. Ja dll A 
L>°) C5 J u * 1<q 'I ^ \g x^rs c. ^aj^a J^aj Ji^. ^ cdal JIaJUI daldo (JJj 

djUKi^ll ^ ^ jiill cdllA ja ^aVi j .(Momomer synthesis j^jajAl! jdv j cd^ 

J^ill Aic. tA_ile j .A_i^Jjaiill dal_i£ ^LoJI Ja AaIIVa ^1 j! (_^a3I ^>a 2 ^dl A-dLldl 
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Ajjljjjall A (jji C(_J (_pjL)Lttlt A 4_ra. d ufidl JjiaJl ^3 

I'JL,'' (Block copolymer) aj>«J jJI 2Jj£ 11 kuliJI a 4< j» I I 

. L^aL^. LaL'A I 



(<_a) . 4-jjjUil uLalui^JI aj JJxlill cijxHit Cj“iJLa, (!) 16-2 JLuJl 

i- 20°C Sjl A ajJ lie ( j) j Ai yei Sj! j*. AajJ -lie- CiiSJiu AjjA <jL»£! yil TEM (j^ 

.(aJjAa^l jjiLiaSLa iliiLa-a {jj» <jjL 43 jaJI ^) .^£1 jl!l ^ j! jaJ! yLui 


cjl jaJjJI i> (j^jadl LS ^) (Copolymers) V a '-«- L “V' jJ' u j 
i> (jjiilkx jjc jj (> jj£ij ^1 Cjl^aJ _jJI (Homopolymers kELuJI 

J) (Segments) jj^LLa ^ a 1& .JaVI Cil^ji^dl 

,•;,'!) aaaaLou Ig-lu Lgj2 aJojI^IaII j < LijLuuS o^l*ua]I (_kALu ^ja (4^ 

Poly A- j 1 • rt c..^ r ~~ <J.ii) (jikiajljCLoj ^jJjLoxa 1 fcilc. JliLd Jaxujl (j]j <(17.2 

; aJj^joij ajlaVqja ^ I aJj£ .!'■**"' (Aj .(PA-fc-PB jl Z^-polyB 

CUi <4 -i2 ^1 (Living polymerization methods) C^d' s>dd I ^jIjL 


117 






£A 0^}a121 ^}AJ-uJJ (jl (j^AJ 4^)A^j^A (Jjl 6 ^)aL -IxJ <ic.lijA ^Ail^jJjl 

.(17.2 JSJJI) gJliill 


i CA ^ja £_uj!j (_£.1<g ^3 AjaL^jujVI CIiI^aj] ^ 21 C'u.lVuJ ^£1 

^ajg ^jLlui ^3j .4 ^Ail ^21 (Jj£ ^)A (jc. AAjailj ^al , W'nJ-J liiljj 

(Jj-a3 ^ AWTi AjaL^jaVI elal^Ail <S j£1 4aI& <a-uj uillliA tAjjjUll lia. j] jVhll 

gi UUi UIila U^j ^ ^ill j 6 (Microphase separation) <j jj%hl U jjh 

. g)A A^jl_ui]l aLuiSVI ^^3 tiiL g)C. ^JJA^jLill gpjLiLollj 1 g XijJVn 



" 


(JjLaXa 



JaJjJ 




*1 g ■ ■'' ^aJ <S j£ 


i (Homopolymers) <lfiUi»S CiIjaJjjII i_u£jj Jjlal ^kJaaall 17.2 JLuJI 

. -.-i.-ilj—.^M LjIjajIjjII 4JjS j i.4jj)jJu*J! (JjIjaiIjjII 

^jjSoaII jjiall (J^s2 fbjoa .1.5.2 
The physics of microphase separation 

U jjL Jl (Incompatible) <UajUla cjl ^ 

ilu=>j t2ili^ ( J JJ) CiVl^ J) jjSUll (_^UaJI _k- (Phase separate) 
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Al ^k 4<iI33 £A . 4 ^ 45 dl ja 2 ^21 AjiLj ^33 j *^1 J ^>^3^ LuC- ^ H^lJ 

^)^la]l (J-k-a^l £jJad V (jl A,K2nAH AjJa^lxIiAll (Jj^H ^j£aj ^A-IaI^-iaVI C1iI^)a 2 ^21 
<.c2]2 4 ■sjVl^j .A_iaALujJ AJa2^>J Liiklj -lajl^jJJ l$jV ^j^-ujj^^IaII ^jIuiaII ^Ic. 
tjj£ll (J^laJ ^'N^-kll ^3 6 AW a CIjVI^aII ^y& Aj^jjJ <. LiLlx-a A±a\ g.^iVl C1 i!^}a2^2I 4_Ij£ 

18.2 JS22I) 100 nm j 10 nm ^ J J2 ^k *2. c . j < ja 2 jJI ^k % jlaluJI 

A_nj ^LouV lA^i^-uij <j^AJ S^AUa £a aIsI^a!! ^jlVnll Aak_jJ (jl 4 ^’ 4 ^.^! 

. ^)lA^jl2l (_jjj12La ^ic. AjjjJ 

U^ C5^ • l£^>^ 4jaA( jk ja I jA ^>a2jJ ^Jj£a J£5 £.J>a. (jjl 

^Ic- cqj£a (J^] ^l^AI 2>*n dn^) S^jAaLiiA 4 _iaL^_ujV^ cIjI^aj] ^21 a! j£ 

4_nj tJ^A'n ^aaaI^-ujVI cIjI^aJ ^ 21 (Diblock) a_21j21 aJj^II ^k 0»5 (_£jLaj cJUIaII JjUui 
^ac. aJojujI^j 4_ixA^)i_jjaLi]l (Jl£jjjVi (3 -0 Ia^c- cs^ ^2 ‘(Lamellar) 

A_^1_uia]I ^j>ijwM AjjI jaJ l^j a\Aj21 Jjaj IjjIj j . AjaI^jaI C1jI^)a2^j A V^l ^~n^ 21 ^laLij 
Ali£ ^k AjWia' 1 A_iii2l ^ j3->j>*i'l J-Jaaj tditfly a'1 Aj n A1 £■ j)m21 A_iaJax2l 
Jlisl dlj dVt-^-A i 2L . ^)Ial uaII ^c- dlj aaaI^-ujVI dl^>A2^2l 

S j3 J (J^H (Jj)^a\\ 1 ."IjqjM dV\ ~s a!1 i^ya LaA^jC. jl Ajj^)£j tA_ijl j) lnjn.il A_Lujj^l_iJaj 

dl^lAA <. Lu-a^J (_£ . ^c_j — 18~2 ^jji^aII djls^Sj-aAJ Jal a\1 

(JlflAjl Aj^g ~n a ^1 , W’uAj LujLujI AjaL^-ujVI C1j\ ^>a_lA^aA\ A \'&\ ^JalAll til jLoillj 1_1^.^]^3 ^j^a]1 

6 jlki^l l3jLj ^Transmission Electron Microscopy - TEM) ojJ&N I 
Ajj jjJall Ajj^-sa'I x^i'l AjjI jl! CIjIA (SANS/SAXS) Ajn^i AjljAi Y j jj jjj 

.(AFM) Ajjill s jsll ajj^aj t (OM) 




oJax 


^ ClaLoil J (JA ^C. jll ^^ic. 


(2-k-aS S^jAUa ^3 IaI^-uj] 

t 47 ' 48 (Copolymers) ajj^J jJI JiSSI ^ (Microphase) ij jjSjJI jjLJI 

l^V AjIaxJI Ajjjljll djj^nJadl o^j.Wa A^«u 3 Clilj ^A aA 1^]| ^Jaj ^jl V] 

t A-U^oIa]! aLWI CjI ^IuAI ^3 j . i^yix. ill jJaxJ ^ij A.uaillj CIjV l.-?k. a.H ~ (2j_^la (_^*^a 

A^Hujj ^aJ dua. c 4 ^ 4Ai3^)ll A-idc-Vl C5 J^J^aII ^)^Iall (Jx^a3 ^3 3^-j A_i^.jj 

(Jjj-aaAl ^aJ ^3j . ^jaAj2! uVUa ^jlra’n diaJ (jj^aJI Aa^al) AAjIs c, 

L_b-all A_laujl ^laJjaiA A^Laja dllj A_ia\ ^ 1 Cjl^jAdl^ill ^ja aJj^I aLi3^) A_LuiC.| 
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A^b^jl \\Ax> 6^1] ^ljjJa3J jjc. L-JjJLa <j-a j-<u] (Spill Casting) 

.^JajoLQ jjl£j [J&J! aJjL^-o (Solvation) 
Jj ^1^11 (Annealing) Jj a£U^m ^Svi'l ^ 

. A q\"^x> ClsV^-Q ^5^ ^LoJlII A_iaI^_ujVI djl^ul aJj^I ^ilaUll 



• Aatl-v A tt lj! j^o] jJj jjL fciS^luj ^ A^u-uLluVI CjlfeU^H (I) 18.2 jLuill 
L5^ ‘( jt*uul! J-uj ji (jjjLiLa (jj^TA-a (jjjjla ^jj J-u^ln (ja^ia jtxlaj QJ^ *i ^ 

(microphase) ^jjSxall jjW ^ (copolymers) 5ns 

A j^jjLuaj JlLuil (u) . ((jjAtll JjAla iajj^u qjjLLu ^ic- AjjjJ ljVIa -4 

lj! j^ui jj AJUi] A iVAa cjU aJo^jI jj a_lujLuiS (morphologies) 


. A J a! ^ ‘ n\ 


dil^xul ^21 A_1 j£ ^jlVn ^gJc. Alal£ 4 A_i^. jpS*2l Clillnlajl] 

Jjfll Jdll ^a^c. ^jC- ^Ii2l .A_ajujL^. A_1aA\j ^.ujJJ Sjj£^)3l Ajjoullj A-IaI^uiVI 

aaJaJjll i2 j[j^i ^ o JL uIj ^jl^jjj (jA-alc. (jl V] tAjj£ — A_1 j£ 
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c (4/n^H iSUallj 3^ di^lc-liull :IaAj 4jjI jaJI l£*aUaHI 3^ 3-^^^j 

3^^ C J' 3 c, ^- i <3^ 3^^3^ C y* • (^ ^ 3 a 3 i jpj^) 333^ 3 3 ^ 3 ^ 3^3 

^JjSLudll c__flliJaj^Vl l , iUa'n LoAlxi 4-^ 3^ Cjla3all ^9 -n. Hi j ^la^IaII 

ja Ullc. (jiil^ll IjKI ipLaJI i(j\) $3£j 3! (Passivation) uj^ tdVLa-Hl 


o.1jL^a UJ^ £3^3^ oLuj^) 3 (.** ijiTi jA Hlj 3.)'^"^ (33^ L^*^l ujj ‘^^a'I 

3 -® U-J^^ ^jI^joiC- ^-aI^-uJ ^aH^J (j.3^ 6 jlc. ^-I^ILaa]! ^)-<ul^3l ^jl\ <Jjou 11 j 

<aj^Ia J-a a xi 3 3] ^ ‘(c^W^V^ 3*^3^ a}l& ^9 ^.aAVuaiaH dll ^a^ jaII 3*° ^ \)* ^ 4 _iudj 

Al 4_1_JjJ 3 ^ ^kih 3^ A^Lgjuj ^Luic. s-lHlj ^aJJ dl^l ~N a\1 3^^AC. 4_^.jJ dlVlVdiV 


3^£U' 3^ 4-i*-3a jll a 3 a C 5 ^1 jj .(Polymer Bulk Periodicity-PBP) >*J jJI 

1 g qj^Vl 3 ^^ C^aI^-ujVI 3^3^ <lj£ £.l_iaix]l A^Lajuj 3^ L-Lujlull ^a^C- C. ^ 1U» ) 

.4_njL^JI HjuVI ^aJ^JI ajjjj l-j\,»ju*)Ij ^-ajojj 3 HI JL^-aII 3 J jaxJI oL^jVI 4_i^. 3L 


diVl^All 3-k* diVt^-o 3^-ujj cHILiaj 

3* 3^ LS^ ft^laJxull ^^.3^3^*^ 3fJ ^IdiJI ^c&3^3^ JajAn j c Adlj^^SlI 


jaH jJI <1 j£ microphase jjUI ^jlVn j j\ ,;a3l 3^3' 

<lils <Lol 3WH ^ 33 HI dit jSill Hj .S^joiLia jlji 033^^ ^aL^auVI 

.Aj^jIHI diVk^-a 3 -0 3W^I1 13k cIiLijI^aV ^aL ( ^HI co ^a dliiHaj] <Haa 


Axal^uj] CjIjaJjj AUSJ ij jjiall ^Js- A^jli Cjllukj . 2 . 5.2 

Application based on microphase separation of block copolymers 

Direct metal assembly ^jjuaII jJuUaJ! ^ . uVi! ) .'- 2 . 5.2 

Cilj^iljj a1 ill (Microphase separation) j^UI J-^a jl 

Iku (jjli sUlc (Diblock copolymers) kutij Axal^j 


jl y> (J^ ■'■' ^ U-W. dlljl C-flL-sajl A-Ja^uoW Clljl£ Ijla . 'A-! jLo ^iLj 

&Ui L_llta£ ^a, W'uuj 3I 3 ^aj 33^ 3 a a ill 3^ cIHjSLuj <jj^)a jl 

3-^aS 3 a 3 J o 1 Xo J j 4_L^la 4 j'i,)x a cH!>LujV ^lUj] l^kyA 3'q^ *^J k^a^A A ) \,\* a 
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dl^jl] ^jUlijVl J^jlil gpLxdl i _j-o 4 q V', - v 4 £-) ^jl ^yct dd.1 4_iiAx_4 4j^jlj dLaxux 

— i_j — (Jjj'uulljj]! (J4 ^jlaLiia ^)JC. 11 adddl ^> 44 ] ^21 (jl£ " J ^ -dl (j4xd 

(Polysterene-Z?- Poly (methylmethacrylate - - (clIijS! Id JAu) 4 ddl 
d5Lij£l lli4 2 A ; * J _j21 (1>4 4.i\l jt-*,,t diVl^-a -'~'j ^lll tPS-Z?- PMMA) 
is f.lvij .(PS) (j4j .;"u i. i.;l j4]l j-a ciili jq > ^i4i 4 )-» A 4 j 50 nm Ajd dill (PMMA) 
gJ jJl Jjk-a (Spin casting) Id jj ^ } .^JJa dl jjd ^ ^Ull A ja.VI 

4^Lojo 1J (jjl J sUlc. (jjjSll Si 3 N 4 il (_J4 o jAj L 3 A (PMMA) ClALljSI Id (Jjd 

(Subsequent annealing) (jjdUl (jj-221 .(50 nm) Sjjd 4 iLd did 

4^Lajoii) (j.l*d (j4 is jja 444$ jdjj L jl js. cLljll . dj d djllla dVA_a < _ S J) 

daxj Jdlj Idi c 4 l^ j^ll s A . J4j] alll a_l]ll ^.1 j A 2 (0.5 nm l Al 4_l4Uoil 

(Wet) (jlfla^JJ 4 . >>qll J c_ia2]H '. (1 19.2 .A • - ^) (j.i*-a]l ^aJax 4 4 u.;~ltu 4 j.v, q'i.iV 1 

(juda^Jlj ^ajjAlVI (_J 4 (J£ (Jjxil clw^ CS^ (PS) QjJ.!" u ‘p'_ 9 ^ (Jd-a (_gd4aflj (Jdil 

(_J j. • 11 yy a .(PMMA) cALi^^l Ida Jd _j21 (Jl ^ d^ayil ^ i. ~~» q11 j 

JlaliVl (_3jl dVl j4 - d (jll (jj^hj (l_j 19.2 (JSjoII) 4jjlalil X 100 t—ijlL La ^'r, 

. 4_d^)4 yLaj ~ (A Vi o^l _c.V ^-ajoil (^111 _j2J ^ 3 . A J; 11 



200 nm 


200 nm 


200 nm 


j£dl 4dj La l^jd^d jd_jj 4ja£ util ildL 4jjj3U> AjjjU libLuil .19.2 JSdl 

dl (j4i ' ■ a « J£da dll d^" lu J 4 u&ltl 4; 4X4 jld (1) : d TEM Jjfr SjLfr 
Jsd uftltl pjLuj^ Jjxu tsixlj 4 jjSj 3d 180°C 4jfr (j^' j*j (tj) .PS-fe- PMM 
(jdl! jdll djtl j jjStall Liu jltl (^) .JdLu JSdj PS 11 uHd ^11 gjlllil 

(j4 (jlL 54 X^j^C' Jj*jj Sjduuaj dja Aj^L tibLuil Jdj Lu i (jAxatl Jj ad qa (jljjjj 

. (ijjjidl (jiLdLa ^ 
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A CIjI^jLuia ^Ac. cl) -0 ^^jA*_a]I (J.^^11 u]-3 

^Jj 4jl^_ill ^3 cA_lllc. 4_L^2ax« dlliilla (jjlx-al! icillA £A /o^qJjoiaj 

L_±Lujjj 1 I djj^Iuj '\)q'n ^ 3 * }\] L_llli ^X&\ -\\a 

£-qj 1.1^. o^ixj-a 4j ‘O* x> C1 jI_ia£ £a (j\ jjll (jc. Ax \W o Ajx \ C-Sj^Ia (JJa 

Jl^U ^gj^x-dll ^3 4_1 a£ $ijj ^3j'qVi (j£-aJ Ia^Aj . ^J^jl3A^ 1.1^. o^)jj^a3 (j^lj 

CIjLaJjoi^. ^ja (Jjjj^Luj ^3 S-lgHiVl j l_11uj^jj]I ^)!^)£j (J!>lA. ^ja 

cil^Loil Aj^jLllI CIAx^u^-nII g >.s-i\\ ^3 i al A-axAl Ajlgj (_5^J 4 AIA£j A u>» Aj^jlj 

. ^»A.\I jj 2 ' . (jL-u la£A j . (^ 19.2 2^21) a^duix A ; V > '* ^ 

. " ' ^ taAc-lda <J ^jlj dll - i T') 2 ‘ _$2I ‘ Qi^>' ^11 j 2) J_yz iadail 

aJIx. dliil j3 d. (jjjj£12U dia (Coulomb blockades) >1 /! j2^- 

AjL^Idl ^d jJLJ tA_l^jlj c!2dl] 22£12 4 \. dl^Lawi a t(l_iaij 22j-l J_) Ai2aa 

. [(4 daa. I- V dLidd) A_iaj1 


Porous membranes 


separation) 3 jjAJl jj42l 2~2 


4 _laLula 4 _uic 3 .1—1. 2 . 5.2 


i> 


jtill 


“daLoLo djU.^i c.Luojy 2 ^ 2 .;.; *"'11 2 I 2^y ‘(Microphase 

jac. fjy'*.} a . ul ajj^jIjj <Jj£ 2 ^ Ac. jn^ioll Ajiic-VI 2_A-1 j .(Porous arrays) 
(Minority) t _ s -la'2 1 2 221 211 j] 2^y d li^. . ^2. jL^-all 12 a ^a o-iiio a j2 vd 

2-a 4-1 ^jU C- 1 .li ) ^-i IjLLall lliA ^ 'A". . nl 21 .A_LaLoi^ d'2 . ; aa-1 j '2 j2 ^jdajjllj 

^^jll 2-® dl ^ill 2 * (Triblock) a_i21j a12 2 y^l 21 ^ ' a". . .1 aa^ . ^-aLui* ^Ixal^iui 
aa*l« ja (B)j (Polyisoprene PI) add 2 lwjj^ j* A —II cd. A 1 BA 2 
SjidJ j . [Poly (Pentame thy ldisilylstyrene) P (PMDSS)] 2jj £4^4£^ ^ 
2 jjjVI ^IddaLi) (Bifunctional) Aiiiajll 2212 Sd22 1 Lullijl JjJa t _ s 2ll 4 'idi.jll 

2j2iLoi 1I 2-12. 2 _^Ci da ^11 2^- t2ij ^ 0 jai^JI 21211 2* ^ q ' (4 --- . dill 2 AxJ-2 1 ^ 

2ijia 2 s - j -(Silicon oxycarbide ceramic) 2 AAA dj£ £1 4^'j^ J) 
kg 2 jj2jj) (3D) al*jVI A22d kLdla ^Lowi 2^ A t ^a. a. 11 ^ 1 2^21 a 1 Aij v i 1 

(Double gyroid) ^ ^ aa*la 2 jj^j2j' diVl^a 2A-A ‘24/100/26 mol 1 
jIxjVI Aa[c.J 1 A£l 1 Ao jl tl 20.2 Jilll) t^aLuiA Jj ^»JJ ^11 PI 

2£4 2j_A^ ‘44/168/112 kg mof 1 2y_A4] (3D Connected Strut Network) 
SjLjN! jAd j [^ 20.2 2221 ‘P(PMDSS) — II 2® e>“_A*-4 j-2“ ^ 5 -* i 
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UaljC. jjJll Cllljlij -1 ' Igjlc. J j ■ aa 11 (j^oJ V o-lSxxll jIxjV' 4a£>\j ojlk jl Jl 


.2 i 



(Double ) ^jjJjII ji sLaJiVt 4_u4 Cjl j 4-ili. 9.1k y] ^gJailaaj jLui (i) 20.2 JLuJI 

(Triblock) Ajlfitf 4 a«L$aJ kdS ^ (la3d fUaiil ks-y^,) gyroid 

a j^iuuj cjliiui (Jluu (Minority component) J&i\ uyl«i' du*. i^U <_u £ jj CjI j 
iy> PI yA ^yjlaliVl jlyj .(jjl yk oil JLui IgJ CS%^sy yA jbuVl Ajjiij 

jJjjSj <ja) ^LulaII lilwl jjauSI (>s Aiyi^a (l_j) :^\ PI-b-P(PMDSS)-Z»-PI — S' gj'yj 
‘i uliiJj (^) J\ 4 (uLijJj <jLuu PI — il du* c24/100/26 kg mol" 1 jyd yl\ 
PI — II jSJu du^ tkg/mole" 1 112/168/44 >aJyj jjl'j 4_alc- j jjjj S u 4 i 
j^Jaj 4*ii ij^JI (jhl'a'I 1 10 nm I .sa. ^lijjl) AFM ^Lijjl . (SjyLuxA]' 
, j t j)hi m" » jlalidl Ajj^uI^JI dI^I^aS) : (Insets) 4 _^jJa!I f.L*iSfl S!*sjdaL» 

. (i» ,y]*2l iiiii <U£jja^1 a j« aaJI qa jilj 55 Ja. jaJI ykj 4-ilaJI Siky] £ jJjaJI ^ j-ioJI 

cIiLujLis j c^al^c. 4-0 m 4j n^l ^ ^Ixuiil ajjih^aII a^.Luia]I ^jj 

L_lijJajJj AjIslU (Jlc- (_yaj*h tillljA J jg h’l 20 Iim (Stmt) A-gIc* «J1/^Luia]| 

o^LaAjoill (j-a A_iii2l CIiIsLuiaIIj ^laIaII (j£ L-flj\ q»^i\ L 

djl^xul^ill £_a k (J^Lk (_j-G jl jjjll 

A-iaLjaVl o^jaaIIj JU-gII j>^j ciilj <joijl Vi^ll 

Ajjjill Clilluiajll j CIjIjjAa J jSL^Ij ^j-g 

O^Ja-G CllLxUjai^Jl Ale. ^aLui-G dllj AJjoiC-1 

Clll^lA-G ^^3 L_lLg-ujVi 'Utl)| ^Lull^Vi AajI^gI ^9 

. (^ ^j^aH ^-ujJ_j\_iJali]l A >J*^ Axh\ q ia\1 C1iI^)Lui<g]| 

cAJlc. a^-j^ ciilj (Catalysts) s ^c.Laij J 

\ g j\c« o^lc. ^aJJ^ 0 J)1 ^11 L>Ja^)*j c. ^ )UVn (Jlxill 

,(^c.|^l] 4 j^.Luia]| 
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RIE RIE 

§M1L stiMig 

j A' U l lff\ y/. 4LH 

llimitiwiiiii/iiii itiitrlm 



fluuj fit .Aj jjS PB iPS-b- PB — II ulljj (ja I jc- jiJ ^oluaj 21.2 J£*2JI 

t(4 Tu * iu fL» LUouj ^1 PB c$^) (Ozonolysis) ^ ^ ujjj^W Jj^H^Jamljj AjjjS cjlc-l ja 
A_l^ , j^a jl AaiLui Aju3| ^HjI JJLaj ^JUibj i (j*na nil PB -Jl A-ftlaia A-ajli»a 0 S 04 £»jialj JjJj Joa 
(jijSH ru^Vu*il Aa^ j-a ji AalLui Aju3| ^ic>V' iALU^II TEM —II j^Jajj .A-uia1« 

Au£l Ail jaj)r\ll j tlilc-l j2 ^ jluall ^j| 3 jj-uail ^ A vll ft II £&Jl t(<^JIjoll Jc-) Jajiaik/ uAjjI^j 

Jjjjoj (j- 4 ( _ 5 -Ic- AlVud JsIajI : JLujVI i A^Jala PB CjVI^-> 4 <_jA (jxaol! ^Jl 3 jja^il ^ 

tliljaj&ll £jl_a. Ajouu-aj Ji»aO — 15 11111 ^A jLuall ^Jl 3 jj^-ail A vlUII JpaLLbl ciu^ C( jj£aluJI 

<^1 tSjaS jl I A£La^j ~ 15 nm ^ (JJaJI ^1 3 jj^l Aa£l Ail JjlaLLbl j tS ja£ jll ^ 

. ^Ixil AaS jj^V I A j» .avll ^j-a CpW ^ (j-a) . (j*n.a nil (j-a 1 ^ *nl a*\ 


Nanolithographic masks 4 j^Ui! baljcjiuM Ax. 3 iiSn .£. 2 . 5.2 

j-aalji] 3^)IaLiLo jao A_1 j£ A_jjail]lj AjliLuiA .IoIjjj ^laIaII jajujj 

^^3 ^.Ijjuj .1^. ^Ao $1 jl £-a ^1 jo jlJ ^Ij3 A_jII1aj (JaxII Ajljl5-oj 

A_a j^. Iasi jo jliL A_jjlL<^ (j-O J (a_ajjj>>i'I LiSl jo jlilllj AJjILgJ AjliLaVI 


pLall Jjlvn As^jxui (jjjjVb a -n \\ * a Sjjjujj i Ozonolysis u (Jjl^ll 


(*) 


.(^ jiall) jjjjVb <aJU-all ^ j, Hydrolysis 
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4_i3l^)C. j!ii] <xi3l£ (J-wtj (jl (dAjj£ jl CjU ^- o^La]| ^j-Q oJlsJj AAiLa ^3 Ja^3 


Jij ; (Reactive Ion Etching - RIE) Jc.Ui<JI ujjVIj 

RIE (jiiiAii]! djVt^-o <. < a\"i j N ^ ^LqjILq ^9 ^_LaL*ii]l 


^jj£j q\ JL^JI 4 ((Staining) ^cJaiill j c b^' t ^Vu j A j) 

Jittl) (Underlying Substrate) a^JjJ^\ $ JJ J <JL* til Uj 
4 40 nm ^c-Liijj ^pa^c. 20 nmj ^Cuijl, Vix> cisl^^s (J^-ujj .( 21.2 

.(cm 2 cJ^ 7 x 1 0 1 () ^Ija. AjUyVuJ 


i^iixM (^£- . oAiLqj Uilc. lijl o^j£-1a]I Lai jC. JnW\ ^jj 

(Microfabrication) CjUISj JXk ^ -ul c Jlldl 


c diljjLJ! i^a AjjLuiLo L_ajUj>^i ^^ic. 4(_£^kVl 

du Sj£li£ GaAs “j_A? o* lp lilj ' . GaAs — II <L^_ja 1 I 

4 _jUli]| allA 4 Ia . ■■! nj a-iaH a-n .^\1 ^Axll Ja^ 3 uJa-<i]l (jls t(MdTIOry bit) 

Cy* ( 1000 -fold) aya 1000 (j-o JjSI I 2 &J ya CjjLlaM-N 750 (JAjJaJJ cjjjal 

.aJUII 1 Jr j' j-'C'H 



lJ Jc. >1j (1) 5i jL^a <ji 4ilii£}| SJki 4j^jU lifcLu) 1 ■ -**< 22.2 j£2ill 

4ij£ JjjjJj “Uluiljj 8 Lj ifr LJj^C- 4 aU, aa aj JLuij 4. A-A. A CjUI _$1ouiVI <yt 4 a.a ,^i 
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(lj) . (jjJaji Jl^a qlkj JSSldl AaIaj Jjjj ( ^«l^u1 ja2_jj] s J > 3al H » jjfr AjjUj 

PS-fe-PMMA —11 (> (800 ran ^ i flAil TEM ® jj-a2 l ^a jadl jlaldl i. i . «Sj 
llu JAu ^ _jdl ujUljAui [ji t25 V/(xm (>« Jl^a ^ <Ujdj jau i_ia>i !1 lJ Jc- 

IS jl3 “UiLajl j»j jjJaVI (jjSAI (^) .flAill Jili ^ LuIj jju (PMMA) CaiLjSi 

(Field Emission <jlU-dl AUAs/L ^jjjS^I ^utdl j»l jc-jjSia (j) .U«Iul« s-LAe 
PS-6-PMMA —11 <> (jAj flAii Scanning Electron Microgram- FE-SEM) 

Jilj Ajjjl-j tSbLuii 4 -iajj ( As .' KLS S ajC- jlaiaj AjjljltuiSfl PMMA 11 CjVA-® 4J1j1 Aau 

Aj^jU ISiLuii ^ lu a JjjLuiia «JaoJ SEM 9jj*a ( J) .(jjljj^SlI t-aj^ujjll AAuIjj ^LuiAI 

j1j Jj-c jib 58 Jwaj AJjS L-illl u& Ltajii ^Luudl SLuj ulL^S]) 

AjS jjuH\ AjjLAaJI ^ (j A 59 j 3 IS j*i ejjja-a is j*i jjj WILEY-VCH jA! 

, ijill 


A ^ „jU .4 *11 j^aLlxJI ( daYl Ajxj ^jJailll . J 2 . 5.2 

Long-range ordered arrays of magnetic elements 

.ij£1i]| (-' UnU.-' SJLolo ^ UoiLoil La.ljia (Addressability) ajLU a*j 
t diljlnll aJijLs Aili^ ^ ^^aI^-uj] <Sj£ Ijli 

.Axj AjjI j^JI l&^)3 jJ tiiL (j -0 CL^\~\a\ AaVI ^jAn (jli 

dlllidl] u' AjAx>\I L-JjJC- (jV clj^)j^)jJa I^)aI 

A_Jlc. Aac.Ij Ajjaij qjq ±1 V dilqniVill <ja ^i3 AiLjaVlj -(Bits) 

dlljl j)-a^il ^Lljj ^ x\ll ^3 c Jlloll (Jaauj 

# AjL^.yi JJ a£aajuj Aj^xuI^J A_lJaC.I ^ LS-^ 


jac. PS-Z?-PMMA — ii AjUc. c-Lijl 

^C. LajIj (PMMA) lllLQ (Jjn.a Aila^-sa-o Cllljl 

(_pa^)xli]! ) UxiJ 6 A ^XJ cl 22.2 (J^JOlllj ^gjj <iljaix]| 

L-lllxJI ^^3 -l^-l J j ^3 PMMA M A j-n sag ll\l (JJ* Axjoi ^jujIaaII 


cil jL j ‘PS 4i ji^iA ^ (Cross-linking) -^J J) 

22.2 J^H) A AajI l_j j£j ^xa IaaLoia ^Loix]| M±\\ ^paA^J L_ala-ud]l 

.^jujIJjoj AAial-oj Aj^a^x-a^)A C^ 
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^ic. .o^c. ^l^j ^a od^A j Adi j 3-1 j.j. 1 VI L_jjia!i]! <jj Aijlill A qyAll 

La-o ^l-aIII ^glc. 1 jim A^Lo-uij PS ^Luijj ^j£aj c(JL! 1 a]| 

(Direct ^)AJjAA _jLd ^j\j^)£^]l ijxxljlillj ViC-lj Vld dl j L_J jSJ £(JaJ ^C-AjaLj 

<_ja (_£^j\j tiiLuj a qj^fc-o ^Ldj cJ^j ^.( ^ 22.2 JS^II) ^-alli-A ^jjLxajj current) 

j-ijuij£ l^c.lj I^aI duj *^La!a^U s^ljj ^iiSl 500 nm ^ xxijLiLIxaII dJljj£]l 

• djULul ] ^^^jauiaixA 


Summary 


- 6.2 


."^gJc.1 Jijujl ^ja" ^lill jaViII 

.4_iaA\_ujj]1 _jjc. d^lc-Llill (J^LV (_ja ^lill a Vi 11 J^Vjj 

£_a dld^^Jl <j JJ Ajjlalj Sjjj-saJ (SAMs) Aiflall £_£jl_^.l ^gjlill a Vi 11 

. Vlc-LijA ^jL£^)j ^>iiJ1j Ja-uij dl j dale. j)A~S a 

^lill j 11 Voi^LstliA dl^A^ljJ t(LBL) A qjJ-i VLiLa L-JJjuj^jiill L_li)ajj 

. /dll die, ja-s a! 1 Jd l3^ vjjLiIa c > ux^jd 

dl ajxxi-n <_ja die. ja^a (Jj^jolij (j\ -s, a * ti j ^jjJ)^J 1 djdll j ^ n~N j^)-\ig H -lajl^ll 

. ^ L* ^ 

^iajujj ^aL^-ujVI ^)a2^21 v!j£ ^ja VLa^) vdc-l ^a ^ j^jSjaII ^^lall (Jj-^a ^Lj^a 
c<j31^)a 11 A-iuoJ jl o>i*i 11 din g. 11 ^ja ^alldo d^L^-A ^a ^jlill ^xilddllj 

. c flLilaj-aV 1 j t Aj^jdl 


Questions 


^jLukA 


dSlc-liul! . ^lall a Vi 11 ^a Va.^ Vhj.ia 11 ^ 5 _ud^)ll (Jc.lijll £*) j^\ ^juj .1 

cViaL^_ujV 1 dl^AJ^Jl tLBL 11 j ^SAM[s 11 ^a ^jlill ^jaViII did 

?Aj^jllll V il Aj^i-s'l dLo£l JJ J 

dl j d^ljSxxnll eld ^ ViAAldill jd. d!>lc.liill ^Wil ^ja odlill La .2 

? Ajj ! 1 a jjUl c^ilxAi'qll 

La ?"(Jijail (j-®" ^-^1 dl j ^_ 3 ^)iill ^g-lc- a Vi 11 U ja ^^A La .3 

? dljj * x-oll 
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A W<,\ J&^ll _j^la L)^ 3 ^)^ (_^HI Lo .4 

__^ll A_1 j£ CliV^-a ^jJVul A_^.j!i]| ^j^aj ^ *fs .5 

8 = Clulj 1) 650 MB 4 -x-uj Ja^iuJax Cllllij Ailli£ C > un*\j .6 

^Ull A_^Luia]| La tdilllJI ClAi4^)3 V Ail ^aljj^VI £-<> .(clAlij 

(JUIaIIj ?lA^)Ja3 La du jl£ lijj ?^.l J Clu 1 g 'at xxi j 

. I ^A ^3 
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caO cUil! 


Scanning Probe Microscopes 

( *^ ^ - d 

,^U2S . (jjjxLuill AjcaLi (fLuaiil ^ls- j fUjjill 

Introduction 1.3 

t> ^ SPM (Scanning Probe Microscopes) ^.Ull jl 

(JC-lidll L_jLu^»Jj $4AiC. aL^, J S g CAIjAV^ 

Aiilj .4 ,\\*W CALg^Ixa C^^Lo^jLill 6 ><dl dAA 

(Scanning Tunneling Microscope J c^U l >^a J j 

j^l j ^ (G. Binnig and H. Rohrer) jja jj — a j Jja ja - STM) 

Ale. jjaLaa J£Al, AjAjS dll jA] £3Ija dAaLuia] coIaAVu*)! j .^^jJaLdl jjii]l ClAj n " iIaj 

(STM) ^-ujLdl jg ^lAVnJ <A ISa aLoj . i ^Jajai SaIc.1 

£jJa J ^STM SI 4_g£j C5^ ^JJ .^Jajoill dll jJaa ^ jJ oIa! 6jIjjC.Ij £joi! j JjUaj LS^” 

jl ^ljoiaJ 4 \x ^ ^aJ jaj m 11 ^Jajai ja Ia^. <±lj3 ^S-aua ((J*i>x>\ 1 j aL^. jjjI j 

jdjSI AiLobdl jdij ^-^JJ 4-i2l jC. jJjjall ojjj-all AjAxj ^aJJ .^JajuiS! jjjjSjj 

jjj ill jLiill 4 _LxujIjj AiLuiAll ^pjlajj .jJ J! ^AjaS aJIa£ Ia aIa'iC.! j 4 m 11 j 

cA^Laa]! ^1 AiLAaVSj .Ia^-Iij <d\jj££ 4_nl j 3 J^uiaJ Aic. jjjj (JaII <.A mil j STM[ j 

Ia^J .4 m 11 4_ixfj jaII Adjjj^SVI j-ajL-sadll ^^Ac. Ldajl ^qq'i'l ^jIjj^II jLii]l AaIxj 


(*) n 

K. W. Ng, Department of physics and Astronomy, University of Kentucky, 
Lexington, KY. 
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<SU J 4_ix3 ja\\ Ajli <ali£JI ^ y\j& Liajl STM ^1. Wunl ^j£aj CL-UxJI 

oat J jU c^uxll ^^a O-a-oS 4-cl.lkU Jj AiLjaVljj .(Work Function) (Jij^ll 
■ A'n» 11 ^Jajoj C. dll^)3]| £-o (JaIjmU Ljajl ^Vutij STNI 

^ j)J-^A*ill ^)jj)j>^i i V] ^ )ku*> j V 4_jl STIVI I A_jjaijj^)]i A_nLui]l o^iaII^ 

^ I (Jj^Ja Cli3 j jixa J ^aJ . (jjjLlii]! ^9 ^ i* a (jV 6 <L-a ^ ja]| 

^JajuJl (ji ^ja^-aII ^_ajoi 131 <jl (Binnig) ^nijj 4 STM 

2 

( _jj^-a]| . al ^jliLaL' L J ~ . 4 K ,'.'■ ^ V- j .'j j. 1 - >»''.!! /jl_3 ta^jalLia 

a^Jj a_u]Loi! A-lajqjl j! STM (jC. La! l-gjoiljii (_J^-aJ .ll]j!i] 

( ^d !La ^_AxaJ .Aiutl! ^Jajj j ^jjj!^)] 1 (Jc-llill o ^3 (_^Aj3 4<1L^J1 

o j 2 j^a J (Atomic Force Microscope - AFM) Ajiil i jail j^a ^aU^I 


j (jjlLi C5 Jc. AFM ^.laaJ .(Scanning Force Microscope - SFM) ^all 
STM 1c. ( _ s JjJa3 ojia <1 Cllil£j .Ajliil "Lille. Sj.33 (_gj j" a. aS dlL^AH Clll^ili-a 
si Ll^lxil ^ L. , >y ' j;j 1 V ' "Cj J.13 . ' ^JJ± (SEM) ^-saLall js -s ^!1 ^ lc. j 



( JA .(SPM) ^-uiLal! jjii-N all jfl a. at 4 junijtl ulj I j£AI LilS laJaa. «'l <jaaj*j 1.3 JSjjLI 

ajLil lJ J e jaliali lilljj LljSLi j ael! jl^a. liLjaj] sJjja!! 4jJ*j 1! -I ia^Lt a) aIi .JllaJ) 

.4j3ljejj]al! CjULuI! u ajS jjJjSLii) JUliVI iijj .AjjIj 
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^jaII ^jc. C1A_a^1a-g AFM 

£-^j] laSj t ^jjLud^Iil] (_£_^}^.l ^ *^J .STM 11 (J*-9J La£ A-ijj^jj^NI 

L_U^]I (J^,\\ jjJall ^luiaII ^)£-^-a 4 Jlldl (JjAjuj CS^" * <j^Ua-oll A \ \x 11 ^_y . ajl 

(SNOM J Near Field Scanning Optical Microscope-NSOM) 

^gajl >/i^ 11 (jC. C1 iIa^L«_a ^aJ-liij AjI^aIjj jQ^ll ^)Jjj-alli] ^VuuJ 

Ajjjlall j (Transmittance) AjilijJI 4JHJ C5 ic.) Ai*U aj^JI 

(Ji.li jl^a. j 4 (Hall's device) Jja jl$a. ? I.i4jJjj .((Fluorescence) 
(Superconducting Quantum Interference Device) 5 (SQUID) jjli 

(jjA**tg a lj£ li]j .AJ^lA. ^j-o Am 11 tat a 11 ^_y. aj\ >/v\ II 3 -aJ-a^ \ <j! 1 n^Aj ^_ujLa (jxi-s a^ 

tj±i Ia-Hc. \ Vt^Aj <>a m 11 (Dielectric) (J3*^ o * ^ } 

l$jL5l ^jl V] _j &\ > a II oIa ^9 Aall^A ClAjtVi .W'uJ ^ja ^c>^)ll ^Ic-j . A m 11 j 

^^ajojJ ^)J» AlLajA ^-uiaIs . lg_u^j ^A ^-uiaII ^9 

eiA Ail£ i VnAt .^cjoiaII a£j^JI jjaUI (Piezoelectric Tube) " C5 lJuJa jj^£]| 
Scanning Probe ) ^Ull jaI^a l$i ^ jaI^JI <> gd jftl 

jl^jV j SJUll plj^VI (> STM UkKjjj .(Microscopes-SPMs 

I ( 1.3 (J^jaII) A ql"iA aII AijUaj 

^ja <aiikA ^Ijjl ^,w"u/i .(Sensor) ^ja<utVitt jl jxJiLu4a]| jl (j^all .1 

CliLij iD^n .19 j . A m a ^lLxuj (JauaiViI (JauaiViII l_ii]I_ujI jl djLai^d! 

A hij^aII A-U-saLiJl (j^-a-dl ^ja 1^19 . 4jVq \\ oIWa AiSLjaj 


(_}jal^)C.V ^jUaII STM ^)g > a dAjLnl! Aj.liu ^j£-aa]| (_ja3 4 *SA^_^ 

. djliLnll A^JLsla J AjbI ^aII 

^ic. ^_uia 1 I ^ jjj ^jAiAjiiVtll Lijlj^iB ^_ujLa]I (Ja^j .(Scanner) ^uiLa]| .2 

^3 ^jAixAiVtll ^-ujLaII a ^9 .A,m,ll ^Jajoi (J^ 3 

jjl Ig i^aj -A\hx x>» ciAjj'na) ^jujLJI ^.Ijj *(x, y, z) CjIaL^jVI 

dj\_ij ^U>» ^ ^jj - l^jlc. <ill ^3 ^llLaJ ^aJJ La^C. ^j-^>\q'V\ j JAaJJ 

^_ujLa1] (J^aj to^lc.j .^-ujLaII ^)3^j STM > a 

^_JA Ip 3^ V Ajl y t A t)l ^A 4 CIjLa J^j^AXjV I (3° sVI 6^C. ^JaI-^aII (j! 

. (_j-al_k til^^-A ^a. W'utij (jl 4,^ VSJ J jlal ^_ud a ^1 AaV J • j3' Utl > I 
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jla bbbl b! .(Feedback Control) ij-Jl Ajiiilb S jkubl .3 

^J] baLa. <bbA cbSLaJI fi^A ^9 . ^Jabb ^jl l-lia. V 1 xnal cilbA 

L_l 9 l^p o^)l J cilbA .A, nxll j tj±i Aiba-a ^Jc. iab^Sl bdlllb 


^Jax^a (jj J 1 . 1 q u*i<a o Ah^ baj9 (j-° bj^)9 ^djLall 4-xabl $. lb 


(jLajJal ^-ujLbl 


.Sju^aI! Ajbbl] Aj^bx-o <aia. I^J ^^IViS! STM dbjj^jj£Jl 


jajj J C5 biuj ajJ ^ll ^Ju 11 jbaj .(Coarse Approach) <>1111 uujiiil -4 

L_J^)b ^&Uaj SPMS Si £AxiaJ j .Jab dbi j^IxaxS ^ I <>a t I bdaJ <>a 

1.1a. bj^)9 £-Jaj "(jbab" Jjbaj i” n-s. ) db 4^^>a. ^19 jj] (jda. 

L_3^)b]l A iV 4 qli-dll ^xi-ab-aLill ^ja .lidJI ibbAj . A m 11 

<-aC-b t4_iLjalij <>ajl^j ^j-a die. jxa^o £-a A f\\ ilSj<all dlWI ^A Ic-jJjoi 

jAl^ ^ ^i^VutiV 1 4_xjl_uj tidajl c^^A AbaxjJaj^^ll dl^^^xiSl . d^/idj 

.bdbl SPMs 

^c-^)31 ^^Jc.j .bjjbJt ba ^SjpSllS <C.^lLa J 1.1a. Aal^a dbl SPM Si ~NXI IxJ 

lg S<ac. Idx* ^_9 j! yi cb^Laj JIa (AFM j STM — Sl£) ^aL^-xJI dia (j>>« i J ^>a 

^Jyi (Jjlxj lj^}j b£ bl b-ajj-aa. ^la-i-a llA j .oda. 0jbj ^Ac. (J (_£^)j^)jJa 

. dja \W <daLa dba.b*Wy 


djjoij .SPIVIS ^)ALa-a ^)AaxJ (JaC. ^ jkj L-Ajjuj t(Jj«abi llA 

. ^JbSi ^ajaibl ^9 (J-iJ^a^bi ^ja d^xu Ig^b^ba (_)si* } (jbbj 


Bascis of SPM ^ uUIt 4a*jLujVt 2.3 


Piezoelectric scanner 


^yLLxajj^l Qui LAI .1 2.3 


.^_ujbJi ^joixi djl£^)^. db^ba SPMS ^)ALi-a <il£ 

^ ^Jabi ‘b^b^-^ dbad ^blj da ^JaxjJa jbb ji jbi ^j-a 

ijlxbi jl jl^a.j Ai] jj (jbaJ t ^jaSat.Sbj .(Stress) ^i^-ali o^A Labe. 

J!>Lk (j* jj^i JL5-4 J jI jJI si* -L-^kj lil (Strain) 

IjjSa Jljlill LaA S3 J Si (j) -(2.3 ^ ji*i» . .~i ; i^-L^IaLxa 

JLa-o jjfiaj ^JJ LoAic (z) Z jja-all J (x) ^nmll jj'.all J _jia ( _ 5 Jfc (Jjia (JlxijVI 
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JV jUI Uz jX clip. c(S 3 = 8z/z J Si = 8x/x) Z Jjla Jtc- E 3 

oljAl Apj . | jlp_4ll jiilaj ^JJ LoAic.) jiutlill 8z j 8x j SaLaII jV jVI 

llc.jiCl AiiaxjAaj^^]! ^LAjca 


d 


31 



J 



(1.3) 



4 



. LJ^Ula]) .Jj-lAJJ JIa-4 JLuu jJu 2.3 J^ujj 


AjuLuJ) AJaLua ±\ j-alt o^ 3 *^ d33 j d31 ^ 1.3 


PZT-8 

PZT-7D 

PZT-5H 

PZT-4D 


-0.97 

-1.00 

-2.74 

-1.35 

d31 (10-10 
m/V) 

-1.35 

-1.35 

5.93 

3.15 

d33 (10-10 
m/V) 


£^Lla ^aJJ . 1.3 ^3 4 _i^j A j)-i» jl ^-a]| ^xi 3 g.llaC .1 ^aJ 

(JL^aII (J^aJ (Jlull cJIaaII cJ-Ujuj ^ic.^ ^J3 x-aJ jl^JI 

CjUuoLa a Wu*nj I^A .A_ij\j^)^ll &3A A_£il ^3 J^iiLaj .lie. L-JjU^a\1 
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L-UjliVl A ^JajoiVl (j]j . AjJoat j (cIiIa! L_Ujljl SPIVI 

La-IIc. (j«oWnj £jujjjj c_s^joij (Jj^joliI JAlaj 4_illaA 

I J (J ^lall ^ Jlilill JJ-iSJ J^aJj t JjJ 4_iil jk J^nlaJ ^aJJ 


(2.3) 


AL=^ 

b-a 


j ,_#£*] JilJ j ^ jU ]l j! >511 Jl>l > U (6) j (a) i 
: — j (jjJ jjSWI u£? (Capacitance) >*jj 


c _ 2e r e 0 7tL 
£n(b/a) 


(3.3) 


( C/L ) Jjia oA^.j J£l <*jujj cl 000 (£* r ) Jj)C. Clulj £_a 

4_nl jla jl Ja <aj!)La <£j>la >3 jj <x_ui]l ^jjLa3 jli 6 1 0 IlF/ CI11 

xs~i (j£jaU (jjJj Jp^lVtj jUaJJ JA 4_i]l*Jl 

vlAillu l!1iaI jiao Ja c*iL IaI , W'nJ 4_ilaxjJa S jIaII jl 

oMj .PZT ^joi^ <ijjx-<Jlj ^(PbZrOs j PbTi03 j-* -LaJ^) <_>aL-ajl! CjUj^jj 
c_iia3 ^Ijj A\\a \ j (Ferroelectric) lJ Wfi J oli SjLIa ^Ui ^ SjLJI 

JI^a ja tdlUA jjSj V C5 i^ (Permanent Electric Dipole) USta 
^jLjj ^jj£j (Poling Process) l-j\ JVqu^ l $ jjj^ ^ .j^La 

j/.'l J^5Ll CL_Ujjd]l . ^Jhx, Jg.^ll Jj)^a\I e-Ludjl ^aJJ l A. Vic. LajI^ lJ-1^ 

^_ic. I^Lqjc-I ^_>alaj jl ^aaj jl j£aj t (Polarity) A-nlas ^ J-i» 

4_nl jill 4j i)-^ L)- 0 A-nJaill AjA^J J^aj . A^iI^aH A_£ll (Sign) 4 _a^-C> 

c_jUa£lujl <11 jJ l. 11 Vi ^ ic- L_L^.jjJj . £.JaJJ Sjlj^JI ^ij '^ C ' 

4_JtijJA Sjlj^Jl A^kjJ dljl£ (V j!) 1^1 L—ll J-iVuj.iVI (Jl JJ ^J-^J 6 C3 ^ J Jfr^ 

^ I jail ^ liAj) (Curie temperature) lsj^ s J ja. ^ 

jl^J jdfLaJ (1^^) ^JC- Aijxll (J^ijaV 1 ^ic. SPM ^ Jjlill 

c_il WquJ aJIj] .jjjjjjilV' (Reverse bias) j^Ua 

. ai^U jl AllnlaS ojlc.j Ja V lAAic. t ^JaiuJa j j^ll 
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U^a^ala qJ\ j X-a SPM (Tripod JjjjI jj) ( _ j JvLUI 3.3 (JLuJI 

• Jiu/SN iJ 


i—njUVI £A ^_ujIa]I ^lA^j ^jLoA V*U*|J (j\ tiilljA 


jl^ A jJ^aat »>i L_liAjl Jajjaull J lx>g \ jl . A_ilaxjJa 

c ^3 Aic. \ ^ 1 g *■>>» ^ 1 aI^L j X, y, Z jjla-oll ^ Aikx^o 


L^_j 1 ^ c ^saialiJ j! o AA A,W‘i \ LJUa j . 3.3 Ai\l ^3 L )^ 0 ^A La£ 

^jc. (JLj V Lo a^L^JI . 1 g dAAL^jVi 

A ^.1 J (Jaxaj t A_iiaxjJa L_UjliVl aAA ^^Ic- djl_n ]^3 (J^nlali] c_al^lal 

^^3 djl^)ljJC.Vl ^a! A^l (JjlI j . l^_j1iAa£ <3-a*j (— a^)la]!j Aj^LaI! L_njljVl (j -0 

AAjj jjflj J c^alc* .A_mll ^1 4 u*iL jjjjll AAjj jA SPM[ 

^.Lja AAjjll AjJa j^^-aII AlAjJ t j^AJ Ajjjll L 5 ^ j^jj^ 

AAjj] j^AJ V J c Cllli j£a oAc. ^Jc. AjJjIjjII (_^ jJVnj . A A jl 

1 jA dal AjJjI jj ]1 <a ^u-aL-aj jjjj AA^jj jl 3 .AjIxI] IstijjA jjflj U^ 

jjfLa ^JAx-ajll lAA ^3 Ja^I j LllaxjJaj j£^ Ijjjjl IaI£^| jj£Vi ^-ujLaII ^AVu Jj .k.Hz 
jA Ia£ cAjjLoUa ^LuoSl Ajljj! ^Jl U J>^a ^JaiuJajj^ll l_jjjj^U ^^.^.jLkJI Ajjj^lVl 
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*>” I lli . I .1^.1 l**\)*yi (J-gL^. dlJJJ .4.3 lMI ^3 ^uJajA 

jjoj qa <jli t^LujSVl Clll^j^jfLlj .1^1 ^ic. Aill^ 

a£^>^. ^r'Vn^i JIaIIjj la3j caIgI^j l_i^jV1 ^.K'ij lJ Sj-uj Ia^jc. . ^j-^Wn jl ^.Iajj 

Ia£ jj^^joi y jl x ftlajl (jjj .y j x ^jjaL^jVI ^ 


Ax (Ay j') 


V2d 31 YL ; 


7tDh 


(3.3) 


6 .1^1 J ^Ic- <aAa-<i]l ^A V « AljSl -ft ■ .t /j J & a ^jla3 D j t c_i 1 cJ^ 3 L Cj 

jjjliiyi VqikJI Ailljill UjA. lili .(Quadrants) CiIi*jj]I ^ 

• Z sl^jl ^ <H1j y-akli jl J-Iojj (jli 



.(fLjAU Ijt all £)A (jib 6 (>) .^uLa Ujjji 4.3 jLu^l 


CiljAc J) CaI^-g Ax >.si) ^ja ^j±ij)\) Aljg^n <j^-gj c^l^^.1 l^A £-g 

^ja Aj\^ i £U u,ia] 1 A£^iJ Aj AxjI*a]| j A j)*a^\l ^UxiVtlj . -i^Ljl jj^ 1 ^jxu«o‘n Aj^)ULg dal ^)-g]| 

UJJ* A-o^-*-J j C(j^jl_uiLo ^jj^jI^Lgj ^niaj 

aIL^. ^aj .4.3 aJ^Ix-gII A_iic. 1 (_^111 c \x t.s-1 c_fll^)^jVl Ia-iIc* . ^iLliilAll 

^jc, Lai jj£| Aa^J A_ixJ^) J* LS^ CjIjj] c — ^ 1 V^<gJ C 1 .^>*1 ja£I 

.aLgI£ AjAaIxaI Aa^^L^. J Aia-ujl^j LgI j t CIAa^-g^aII 


Coarse approach mechanism 


(JA4A^\) 






<jl ^3-ix ksi j^^ll ^-ujLaII (_j^gj 4 ^j^IjoJuVI (jj*^ AaIjajujI ^jajJJ 
^)Xj-al 11 a ^-uiaII ^Uajj . ^ CIjLo I c_fl^l d^£>| 1^. Jj.W^a (j 




Wqa 
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j)-G AaAt]l jxdall j£^-a 1 I AJajoil jJ lAAkldj jl 1 n^Aj ^lill A 9 Luia]I jpa 

AadaJ jjj ^jljd Ai jda J<at AiLuiA ^Jl (AFIVI j SX1VI ll£) jxuxiVall a jg_^l 

^Jl A^,d. dlljA j . A'm.ll j jh^aII j j^ (Jj-saS j dal jda jjLill dal jdc ^Jl dal jIa jjlj 

csd* c >d a £uAA\ j-ja jl (Coarse Approach Mechanism) j^l c_jj£]I aJI 

A_illc jj£la (jl ^1] jjudJI L_ajiij]l AjULJ ^\*Wa V (_£jdl A_i^lj j-o .An all j-o jja_A 
^-uiaII Aa jA jx-^al AiLuiA (jAda dl jdia jl 1 g a^xtj Ail LoIlJa I Ai^. (Ja*j L 5 ^ * ^ 
jl jddll L_ajijj]| ^gJLila £_a .A-g^LuJIj jLa^U (Jjkx-Q jjLqIa £-q c^joiLaI] 

(_£Aa ^lc I j Ale. I cdaljlad <Ljla AiLuiA ^lc ^_ujLa 1I dlajda ^ic- Ij.}l3 jjfLa 

oAfc ^1 . W'diLa .o Jj-n aII jjxJlj ^Jajuall j)A L_ajii]lj (Ja^-aII £da j A_i3 1 n^Aj (_^jll L_2jii]| 
dald jjdl^l ^Ja-n (Jjxdj dc : Jtill j^-ill Jc. ^Ja-Uill jA j^a'I L_iaj£j 1 n^Aj .AjlN I 
Aj-gIuj Adi jib ^Jajoill jaJ jxuxi'sMI jlg_^. ^_ujLa 1I a jjoj todjAll Ajddll A ql^s £-q 

^ ^cjujUII Lds ijd tllbabo Sawa a-gjsI aLLaa ojldj jc L_kd^ll I ili .(Ramping) 

SjLujI ^1 jc. L_Lol£il ^ad ^xl Ijj Lg| . A^dj L-Jjdll dJJJJjol Adj ^-^Idall jl^ll 
(Scan ^jaa (_£ Ag (j-G Aul Jj^ja ^Jajaill jl ^ la j 1-^-3 Aljla ^Jj oJAgj Au 

<a_i 1I ^idj c^^L-aVI AijJa <^ll ^ x^i j j^dll L_aj±iVI (j-ahiia IaaIc .a^.Ij range) 

^aJ A3 LoIa]| _jl.Vq.Qj ^LgI ((Jjjjaldi]l j ^_ujLo]|) f. LS^ ci^ jjadJI L_lJj5j]| 

jC c_fld£]l ^aJJ OJjJJjoill oIa JJ^Jjujj .Adal jj^lll ^_ujL<i]I (Jd (j* lA jljl^l 

.sjLsyi 


^3 JA^-a L_fljjuj • j^i'S.H L_ajii]l ^Uail Aq\*l^kx>ll ^axol x^i*all j)^a AaAaJI dlliA 

AjL-aj o jja ks-i jj^J jl c > a~sj oAi^JI jddll L_ajiill A_ill jl .SPIVI ^1*^1 flUa-GlI AjI^J 
JIq AjfLiil^i-G oj^_^.l jllc A-GJdll SPMs jAI^-q ^aAidujjj . j^-G^a j^d LS^"^ 

^u-Gj-da]! ^2 1 g nj j)£-oj j . da^ldtJI j i Ajidalijll jdjl jlll j i A z AjJali!l]l ^c I j^ll 

(JsLill (Jxg AjjLda ^Ja3 ldl_i^.l j3jd j . AjjUa^all A ~sj~\ j>^i\I 4^j^JI j-G ^j^VI AaJI ^.LLacV 

.(Step motor) (Jjiad dlj^G Idajlj cAcjjoJI jdid-Qj c^jgjjjII AjIcj t(jjx-aJI 

V ^-g . o j^d Addldi-G S jj-Qj A3jJj>a A^j^. ^adla jl Addldixall oj^_^.VI j^-*^ 

Alixll I jjJad I jjda t. t a jj. *n L_fl j-uj dllj jV cSPIVI ^ 6 Via jjda jl (_£j 3 c_aja!il j^-<^ 

j^3 A.jS nlSi^ll oj^_^.VI ^ * tiU jll aja 11 LgI .^3jda j^c dajL^. Ijj ^-ujLaIIj 

.^_^,j\d ^^dljldiA ^J^-dal Ada jC SPM iJa-sj Lg ^SjIISjaII jj^ l^jldS j Ig'dA x>i 
A^,jJ d a^k'l jl Iai^. lajjAa Ac jAg Aijc (Jdl^ SPIVI II 1^] tdilj & j^tc 
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^ J^l L (Jlj Jj 4_^.L^JI cAtn^u 6j)\^)^. 

• L , 3 9-^ ^JJC- Alx^^J 4 \ 1 »i 4 Q) \ ^ 4 <^ < ^1 ^ < a\ 1 4 ^ ^~n. \ 1 ^J*Q \ ^ i4\.^ 

" LilaxjJa 3‘n.wll SPIVIS j-a ^Vh»j Ia^)4C.j cl_jLiujV 1 a-J 

0^)jalLlA 0^)J» x.^41 4£^}^JI ^llijl ^ ^31 I^A j^a j^-G-Jj • j^l^ll C-jJjll ^iSjj] 

j^aj /o^jjoiLia ^_ujLdl j£-aj La£ .4£^^JI ^3 ^kl J] 4J^JI ^jj^jj 

j^ l_j J& Ji U^kU (Binnig and Rohrer)jjA jj j ^-imj jl Jua!>U jAdl 
<lill &.3A Jl <Laa]l ^xTVnj . \ ) <j-£ai_kJI SPM ^jAL^-q ^^3 "LOUSC" "A \a'i\\" IaLiajoi 
C1A£^)^-a]I } jtj . 4£^)^JI ^’llijV 4_iLaxjJaj^)£^ Clj^liuaua ^."iVu^n LgjV ^Lx3 

.SPM II ^^g-S jjfLi ^-3 ^-.k ks-i Jla ^jn^ll j£lj o Jj!l<a 4_ilaxjJaj^)£^]| 

^a_ujlj ^_Sj^)*_a]I jjaikJl L-jJdil 1 .1^.1 j IjJujI LiA JiSlij L_Ajjjj 

.U^ Lr nJI j! ajjUuII SPMs J ^l^kiujVI JLSJI ^(Inertia motor) 



• SPM — H j^JI t-ujAail J Jill J>uail! <il ja-4 Jc- JliU 5.3 J^uJl 

tLoLoj-a jl Ij^ljl IJlc. J C LlLaiuJa ^Je-uLo ^j|HI ^)jx^qll cil^^o ^a.W'nnj 

c(Set-up) 4 j£^JI <SV1 o^a Jc. JL^JI LilliLo J ^t^Jj Jll a£^JI ^liijy 

(J^juJI ^3 j4Xo t ^Jai_)Jaj^£^ L_J^4jl ^g-3 j^jjljliA jjjjl j ),\) Jk -^^ (jj-al 

Jjjj c ” J a£joJI ^Ic- 4 m lb tiLoiLdl (M 4 IVsIl) JaL^JI £_jJaj *5.3 

^jl a£joi 1] j^-aj cja jA a£joJI j (3°L^JI jjj j£Ldl till VI 3 -«I-*-«q jl£ lili .L^s^s 

^x33j ^ s -LaxjJaj^^]l L_l^jVI jl^ lijj . J^lg ^ ^)Lou]| (3^ ^S‘WVI A }-a xxil jj 

^ jjj L_a jjjj J^UJI jla id AiLoi-o tJ^Lk jjLg j^a ^>^1 cif ^ jLujj £-a ^LgVI Jj a£juJI 

i d' AiLuiA 

d' = ( \lg/af)d 
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(jli lS^' £-* $-iaju (jV' ^^^-SaxjJa j^^l' s-j ' j] 

(j\i 4 <^jLuLo 0.1^.' J J^j *d AaI-uIaI' (J-ol£ (J^lljj A^joll' £JJJjoJ 

lAiLuiA L_J^jVl (j-Q Ij^jjLg (JWn^i (J-oL^JI 


d - d' = (1 - \lg/af)d 


c*S h*i^ J . Liuj'^) V A_SaJjanl' aJV' (j! ^-Jal j\\ ^a 

.^]j3Loi]| olajV' (J»,v^ j! aJ!)U ^S a£joi11j (J-qL^JI 

c_fljjaj c'a&j .A ni'i-N 1' A£^)aJ' c_j^jl Aj^)^^)-g J J “°. ^-^S-aS' c . jj Ail Ja^V 

• -la. ^gJJ SPM — S' (j-o (_>aik J 


Aj)aa ClAjj^S' ^Vu*n ^lil' ^j-o lilliA 

IjA ^^3 '.la. ^al . W"u*iVI £j\_uj o^lc-l (_)jd3^j ^£^ll' ^j'^l' ^)jj-a£l' ii]^)a-a (j]j cA U^ia A^^aS 

Ajl 3UI AiiljiS' jj] ^Lx-aLa gj' AjjlaiS' SP1VI S' CllLijj^pflSJ (_pa*j - (J ?~ ^ 

6^)'j e-Lij ^aJJ <j' A Una Igjli 4^1x-aS' ^ Sa.a SPM S' (jS^ '3j » iiS^jax>SS 

.^^j'lS' ^)jj-aal' iil^ja,aS l_LujLiaS' ^_a . jjq \\ JS^I' 6.3 JS^SI (jdJU .L-iaj' 



(AojIj A&jjuii J-oIaJI Aj'i^' ^ *cP'^' jj*^Si liljaai (jLaaJ! JLuJI 6.3 

(jji£bux]| atajV' (jg& liljajj L-flj^jj ■ ci^J^W 4 J>^*SU jjjS ^jLuuj A£joi]| L-ia-uj 


.AjaI^aI' ^Xc. 
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jLu lalialj > AjJxj iduliiil jLu3l ‘LimJaj :jlou]| .7.3 JLuJI 

(j^s jju 8 Jwo) ,'sJjj^JI Lillil ; dijlill) ^lijjVI ‘LuuJaj : Q) ajll ^jl\ . dulj 

. i'frLjjal! jjijjwVI '*• a " 


Feedback loop 


isi \ ja !\ 4 a la . 2.3 


^liLo (Tunneling) ^yviVs Vill djl_ij£j ^ij u^ll ^ jJaxall 

A X ^JA 1.1^. 4jJ^}3 ^gAc. J ^ . AWn elu 

^j*)-va\1 4_1aI AiLuiA ^ Ac. <Ja3l -\a\\ bSj^A A'$\~\ ^Jl t ^ CjLqjjIuixjI 

Joa'i 1^7.3 (J^jaAlj (jjj^AA a\1 (JjxjoiJ ^j£aj tSTIVI ^-11^ ^^3 .4 )j» 11 j 

. (oJj^a <al^. Cluliill jl_nll Ja-<uj jl ^c>SijA <al^. Clulill 

AliAj 4 _aj 3 ^gAc. Aala^A] ^jujIaII ^lijjl ^ja Aj^xMI A ^ixj tdijlfill ^jLnll Ja-oj ^3 

A-jAillil ^jl £aj .STM ^*- LQ UJ>^.. Uj>1 IAa (j]j . ^.V^aI 

Az. j jjj y>A 1 a“i^ (3^ l^-A-3 1 4 nx II j ^j^i-vaII ^»jL-alAl £Aa1 o^j^aII 

<_ja .Ixj co_jjat <.s-i A qjViA ^)Jjj-aj ^3 <3^11 4_Alc. AjIaIujI ^gic- 3 jj^^A1j . A_jl fu^l j 

IajIj ^jjai^luiAll ^ja 4dJj^)aII Aj-IxAII A <i\*\ J ^gAjVl A\j ^Ja-uill ^Ja-uA A3J 

.6 JJ^aII AAI^. 4AI j)l £-° ^jj)*-^*Al 
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4_ia 3^)3I djIjLoiVl 4 _^JLxa A’n.wll ST1VI CliLijj^pfllJ ^ja ^a.W'nuj 

AILaJ <£jLuia a^)j^)Jjai]| o^A 6 ^.I^HuiaII ^}laj j ^j-o .SCj^aII A q\*\ ^3 

(_pa^x]| .8.3 ^9 ojj^aII Aj^xiill a q\*\ Jju'i 1 j3nj3-aVi .(Analog) 4 _iLLaj]! 


.R Aaj 3 ^Jj ^j£aj 1-° c_J^)3l 0 ^-ujjLoII Aja^H c > tI'n A <j\*\ qa 



1 duloll jLnil 4_juua j ^a^1uia]| E Jj ja]| Aj-liUI a atxt ^Jajla^j ^ujj 8.3 J^uaII 

.STM 

(jjall t ^jl"i nl ^3 LaA R 11^ 0 (3 -0 Li£ (jl ^jial^jjsl i 1 i'i^i i Jalumll A^V_9 

E (jl ciVIa'WVI dulS 1 Ag a c i .£ = R ~ 0 j* R j 0 

4_ii] _j3 <Jjoi 3 ^gic. ^ jAn La LilLc. j^A S^LaVI Ua^. x^V 1 ^aJJ .^j^aj La ^)*_x^al 

A c ^A L_boi£ll <jl .^jojLaII Z ^Ic. <inlajj ^^£/La*J1 x>ia\ 1 4_ilLc. 

^_uiaj Laj3j » (Jxi>a11 Z ^3^a 11 J-a u^ijxn (Ale t(j£jAI ^3 ^jjaa ^A La£ ^dAjkj ^j^JjoJuVIj^ 

. ^jjj^jLjJalil] lisj /^ ^Jajaill ^lijjl jli m 11 ^Jajuj (J ^la ^^Ac. 

(jny a\1 (Jj3 (_ja <3\-uia]I a^A (JaIaj L_fl jjoj »d — Z ~ h J A na il j (Jai'vaII ^LuiaII 

CL_bol£ll jA ^Clil^y^j^lxiJuVLj^ A 5 (jL£ Cl iLij 1 ^Jx^J J 

C6 jjjjjuJI <1iIj ciiikj /? 6 jLcuVI (jt LiCa j3a I lAlj .(8# = A s Srf =A 5 (8z - 8/z) 

LiiJ *<_£ j^.1 A_i^.Lj (jA .SE=-$0 = - A s (8 z - 5/i) : ( ^ c ' 8/? = 0 c‘n^i 

8z = A C A S 8h/( ^LilLj c8z = A C A S (8z - 8 h) ^<Jc. .8z = A c 86^ 

^Jj ^JajAi ^AJ^jLCaj ^jai^,a\ 1 lijj ^ u«^ A c A s ^^-ajoiJj lA c A s -7) 

n*\ j (A C A S » 1^ ^ cr^" c!j-^^^ ^ . ^U*>*nxxi cA^aa AiLoiA l_j^)3I 

.8 z = 8 h 
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^11 ^3j . QjSLuj cl gfijxn n ^^3 ^JLl* fi^lc.1 4 -N^ll (jj 

lij d_jU*j j .D_jLujVI ^ jnxMl ^ic* <jIv'u^i^U <al^Jl ^ (J^l IjSj c > iU^"n 

tciili ^ya V . ^j^All ^Ic. ^)x^v\j ^j] §£ -LaJjJall (jli 4§/z ^Jajoj ^ic. o J)^ 4 ^ ^jxi-y A1 ^-uia 
I^A c < iu>nj (jl ^j£-aJ .§/l A-oJS T Cli3 ^11 i ^j-aVl t_fljjoi 

Ajn^ll SjLoiVIj J^»aj Lo .l^jijiLj <al^JI jI^IujVI ^3 ^ikll]| 

JJ L_flLjaJ ^-1a_j (1//) 6 -1^1 j Sjj3 JXk 4_ai^JI c > 1 UxiTi if o_jl^Lo jjjjj 

ciilj (Jx^T\J Lo^C. J .a^)Luol cilLiA (j£j 411 aj 3 ^glc. JaSl^Jj I JA .d^LujVl 

A,\ \\i.a\\ 4-<2/lxJI ^jli l&E = S0 (jl .<al^U ^jcnlall J fo U-J^ 

^ia^J <ai^JI ^3 (^)^la]l ^3 1 80°) S^)j3 c. ^x*V^ Ij^jjLgjJjI (J^.3j 

C<Lolc> OJjA-aJj . IjjIj A c (jj^ Lo*^jc. (P) C_baAjj£ 4 j*_^.I^)1I 

cL-jijill uV't! j .<L^)Jall o3^j LijtAn AiS (jV 33jaJI .IjIjj £-g uxi^s (j-a3llij 

QjfL La-llc. ^g-Aj-uJ QjfL (jl fo -1^ 4_al^l] AqA$ ^lc> c . ^>J 

.(Cross over frequency) f c 33 jl (1 j) 0 aSIaJ! l_lo£ 

1 V^«QJ (_^aSI Ac U ^ .1^31 Aj.wMj .Ac H )n u^i ^jc. _jja*n <jl f c 

.120° ^j\\ f c -lie- ^)^Lall U-J^ U s^lc- ^ilj c.^ ^\Wn A h n>i 

C(JI£joi^U AjjjoiaII 180° ^IJ cj_A^ 

IjJu-a ^^1^-11 jjUl lili .(60° <jaI jJI (Phase margin) 

<alaJ3 <j! VuxiVi (j^aj (jli cl^. (jjaSt lij o^)±& A^ajh tSlSU^3 

.1^^ 1 _j\x ks~i o^)j^)jJa]lj A c L ^ J ^ ^ \.^J (jj)^.^*’ 


dIjI AiLjaLj iA c u»y 4_i3l_iJaj oJL2kl J (AlliAj 

oi* ^ .(Proportional amplifier) <.jJ.nAI ^ ^ jl jjIL (Integrator) 



; Uj J 4 ^LiJl 

(5.3) 


^Uic-VI c>3^' j* T j i (Proportional gain) <. t uJ.nAl ja A ciu^ 
Proportional-) (..uAnAl tiA .(Sampling Time Constant) 

. 1 llU/ll (7 j A) sAc. (jlk^ yi ja jlij 4oi jAl ajAlSJI 2ILJ (Integration - PI 
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(Proportional L_bJjiall ~<d' l Ji« Clai ^ uiYi-olt i_bo£SI 4 ji 
did Jill Xic. . SjLj ^e. (Integrator) J*l£ill stal Atldi .Controller) 
(Cutoff AAji Aic-j . AA Jill SaIj J Jal£ii]| bIaI L-Uji£ ^aALiii . 4 . >>qA La]' 

dii=>j J^l£!ill i_ija£ jjL ‘l/(27tAZ) JJ jCl« 4^/ frequency) 

jJLll (C t^u ^ Jj^la Jc.) fl jl Alll*-a]l (Jg dljj . 'j ' Ja 1 \ . ..I V' a ^dll 

jl£ I jl . ^datgJI ^)^la]l aJJ ‘ ■' 4^). Ja I A^. l 12 ^3 J'j jlS 1 Al ,J C (J* i /. 10 ^1 

. AilaJ I (Settling time) JjidY ^j^lll (jojll SaLij ‘Ia=>. ' j j » ^ fi 

(Differentiate lil dUi SAj>a]l ajaxjIIj JJ£1I ~<V'" ^ JS-J 4121c. 
jijlj jl .PID a^^iLall j 4 j 4_Luil iLcJl ^1 4 qi. , >s l_] Gain) 

(_j.aH£) aJUII dlAAjjll Aic. SaU' l i_ajo£ i^j ja (Differentiator) Jdliill oIaI 

AiC- (jj^4U4l1 SPMS II oV .(C ,>»q^*i,all djljj^ill Aic. oljl 4 _Ll9j 

II ^Vl dll-l^j ) ^a,)Vuti'l .1.1^. I^IJ^ L>^ (JjJaliiill ^jjlj tlj UxD 4jJaA^j-G CliljJ^jJ 

.Jajoijl Ja^3 PI bSi^y* <ai^ SPIVI 


(STM) &AA ^SiSll j^aI! 3.3 
Scanning Tunaelling Microscope 

*ULJI aLiijl A-iil ^ v Wj SPM Cy* ^)i > <Q cJj! ill ^g^^ll 

C ( ^LA^Iill q ill 1 x>i» 1 I 3^. £jJa j ^aJJ ba.Vl»°l . (jjxa.Vlg ^11 j 

Aj'qVillj o^AlIall ^axm! . 1 nj o J> q H ^)-oj ^jl 1 i^^xt GS"^ 

(Quantum cr°>^ j^b (Tunneling) (^SaJI jjjJI J) 

AiLaiJI (V J) : ^ ^^1 jLnll A^i*j .Mechanical Effect) 

^jjosLlj <. s^jujj . iIx^^a]! 4 _ijj^j^IVI ^-ajlj-a^JI (^jliilljj t ^jj j I 

.liA (Jjj^lidll ^ -Q 

A. (>?. >« (J jla dil j ‘C. c-o jjSiyi jl yv. 1 4^11 

"^jjqiaJI" jlS 1 SI 4(jSlj .<c.jjoJI ^Jt> v SI J 3Jj£ll m llua. 1/mV I-Ajoiljia 


■ jUua£ lilli axj jAu (jl Ails 4 IL 4 . (Plane wave) C jiaw Sja. ( ojJSWI) 

^Jl (JfiVI ^^ic. II ^3 -laJjJallj (j! l.Vi^^j V C(JlilA]l ^ic. Lijli 
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f.vVu*n jl Inlc. jl£ E] 1^. ^ x>aj 11 a j .A, Ujl^Lo (Uncertainty) 4jWq£Ul 

^ jj&WI JUJI ja (Traveling wave) a&i^ ^ jj&WI 

^K'uti'i C* ^3 1 AJjLaa <11^. L*]liA .(SEjM) ^-ujLoII 

. (JjJall ^jjjLujI ^.Ic. AjldUxiVl ClA^^a 


^jl ^ — /rzv /2 Ia^I^Lo aj£^)^, AiUa cj^-^ V 1 4 _ifLiJuj^l£j! 4 _i^.lj]l ^j-o 

tilll 4^j> < a^\l ^3 4^j£lj 'CLol^ll AliaUa ^>ixJ jl (J^3 j 

jl (Jjilill S^aUsxj A CIjL^ujoi^JI ^gic- (J^ilaJj .Ij£-g-q 

43Ua]l Jai^. £JJJ cl^J CIjLcUjoi^JI ^ u^i*i 4 4_o^) , \ < all aIIiIaII ^3 . 4 jqq'tll 

<jliLojl J j3a. IIa STM ^.W'n^j .aI^j 

* 

aJjLx-g ^jjjIj 4^Li^^g <UjIa-g (J^joi ^Ac. 43lAall Jai^, 4 ^£11 l^jjl S)<G 


-f^'P(x)+V(x)f(x)=E'P(x) ( 6 . 3 ) 

2m dx~ 

(JiLaJj t A_a£ A jUall JjVl j;'»"'" JloJj .'F(x) 5 JIAj /j ^ j''i*n W 1 JlLaj ■ ~~'\^ 

JLuiJ (j]j .AiUall ^jc- jaxj L_ljL^JIj ( 4 _i>qIS] 1 AjjUall ^2211 j ^*'2 

i> 2% • V F*(x) V F(x)J.X; — ) X + dx j X jjj jjjjill (^Ic. jjJ*J! 

: (Normalization condition) 4 jj 2*-« Jaj2i 2tti 


+oo 

j‘ v F*(x) v F(x)dx = l 


.Aj ^■^ajoia]I ^iaJl L 5^ ^ ^ £• ^)jA*AI till A 

(Potential ^ ^iiUall ^1 (jjjAfU^U ^^Ix-gII oAa 

oL^jVI <^1 ujJ^V 1 J (j^j^^j *9.3 ^ ^jJa^ jA barrier) 

¥(x)= Ae ikx + Be' ikx / (jc < 0) ^ ^ld oA?^ .+x 


tBe’ ikx _i! j .iLSUI Ae ikx j 


^ _ 2 k _ V 2 mE 

_ T _ h 


^a k 


A _^. 


. j-a]l (_^ jjoj (JajolJ V (x > (I) III AlialJi ^3 (J^JI . 1 g ttiSar j A^. j-«Jl ^^A 
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(jjiJ JaJlj < X < d) j^LaJI Aikla ^ •'F(x) = Ee ikx (j\ l+X oLajI ^ A I£iia] l 
A ) . ><1 q^\l <ELca]I <jj^aLk <■ - *ILi’V* .'F(x) = Ce kx + H)C kx (_g-A 4 _A]j i<jj!iioL<a A^yA 
x j x = 0 ^ic. AE ^ Uj tx pja ,*^2 d'F(x)/dx j 'E(x) —II ajJ jAJ 
. <j jLix-<JI -L^oi (J*q^ j ^--o E j A, /?, C, £>, ci^>IA*_a]| L_jLui^. • — d 

aJISlVI j fl I 2 Jl^ll Jc. | £ | 2 / | A | 2 j 1 5 | 2 / | A | 2 (jLAAll <-*. 

ijjjjj (jl 1 . 'I c < _ s -5l T~ 

(V-E) (7.3) 


T = exp(-2Kd) 


K = 



• V(x) (JAui A 1A*J J 



(8.3) 


j(x) 


2mi 


LA v .~L j jj j j' A IV jliill <il!A l_jLoi^ 

(9.3) 


V . ( x)^)- V (x) dV * (x) 


dx 


dx 


(jl IaJj 


I <xujLi1a x > d ill jLiill j 

I A j .cl jA'-ll 1 }..il (j^aSLilj (^liill jliill jjli id £-a Llujl (j-saAjjj 

jLijll (jjfL) ^ L» . ,.\l ^gic- (_JJj-a*JI iZ oLaj'A ^ STM A jl y ■ ..I ^lijjl i— Ujoi 

. 1/K ~ A “Lajij cl (jjSj (jl 4 -taj t(jjAjaU (jjfL ^ I jjA (_ s -aaj3\ 


V( x ) 



j^,La. jjfr a^Ij (jjjjiJI Ajiij 9.3 
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kllljS L>* qjj£TJ\ AiUa *STM 4-^ 

£j Lg (jl jji^ul <lo Jl o^Jijc. j^a c 5 -^ 3 ^ (Jj^ 3 £-° J^ljij *(1 cV) 
jA Lg£ C^JajoJI j±uJ Sj^. t> — ^ IjA ClAjjjJ^WI ^a, w'nti'l V lijV 44jji Ajlilujl 


.SEM J\ JUI 


<jjou11j LqI .^t jail ^k ^.1 j ^^Ac. jj.w^ll 4_^. j ^Ic. a!Ac.l Vill 

C5^j 4<_£ jj.^11 jjlJl <Jj-g£ is^ ^lj^4 W^° iill^_2 tjjlx-all ^A CllljjjJ^lVI J] 

Jl 4_^.l_^j U j Lg lijli i^jjJulxa _}^ '<; l ^ ■ >»» 1 (Jc-lijj V lg-jl LjjJa^jiial jl 

(Pauli J jIj ijtiiJ IxuJ ^ .>.vi J j (Fermions) cjlj j^ja aLLJI J Ujlilcl 

•Exclusion Principle) 


CjE AjIc j jjlx-oll ^9 JVI* *1 j! j^-GJ 

^gic- L__L^.jJJ C ■4_±l*_ll CIiL^jaII j-G ^ 1 ^-j-sa ^ajl JJ ^£l J *Lz J Ey, Ex -Ajul 

(n = 1 6 2 6 3^... jl <. “ \y^ E — L/n :lS^ uj^ l) jA*-* gL^jI ^A ^^j-all JjUI 
< 1 ix-g (J£ villi! 4 ciAj j±Ajk Cjb . k — 2jvfk — 2n7t/ E ^UlLj 

^jlc- iaaa j! j^-gj k — (k x , ky, k z ) — ( 2h x 71 / L X y 2fiy7iZ Ly, 2 n z 7lZ L z ) • j-® 

jl^c.1 <.Yl Xy Yly> Vl z i) •( cJ^lAI Jj*J jikVIj ^gic-^yU Jjij ^j) U^JJ^I] 

4_ii*Il ^jiiiL^Ai •>• II jA V cjfj -k J (87T) 3 /y k k!U. Jil lil t Aa-ya-ua 

J k ! (jiC-lxJiill djlj ^ 3^ * k) jjj ajjj-a^-GlI ClaV^-l^ j] . m H ^ 

jla 4 (J jxll t-j .471^1 (87T) 3 /y] = Vk 2 clk/27f :jA k+dk 

bLu < cAjlc- . Vk"dk/7f J •''''■ q ’^ a^A ^ • ^a IAs-I j'~' ^ J ^_i]l dllj j jjSIV I 

Cllli D ^11 _J ■ ^gj La ^_il k — 0 ^-a 4sLLi]) ^j-a dlVL^JI JJxj CIjUj ^jj^JI 

JLilLl lij^] Z-‘ ^ - j 'kl> J^aji ^-Ltaal ^)ia3 t. La^j 


rVk dk 


71" 


= N => k F = 


3N71' 

V 


, nl/3 


(10.3) 


4ilia LiA 4^3 4sLia]l ^-ajoijj 

trk 2 

E F =— ^ (11.3) 

2m 
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Aill^ AliC. JSIj A9Ua (jjUaj A-^AIaII ClaVt^Jl ^ic. (j'^jj 

.n(E )<. (Density of States) 


:aJjLxa]Ij k + dk j k ^Jaxjj 11 a 


dn = 


Vk 2 dk 

2n 2 


(12.3) 


kbUJI si* JlAiLoil .clE =( f/k/m ) dk j E =(// 2 k 2 )/2m 


^Ic. io^lc.1 aJjIxaIIj 


n(E) = 


J_dn 

VdE 


mk 

2tvTi 2 


fm Ve 

V 2 V n 2 fi 4 


(13.3) 


E^~ * a . -’■ ^ kaUall ^_k. n(E) diVl^31 kalilS ^jl ^uJa\ ^Jl 

. I^)3j-a <_£ jLaJ a3x 1I (jjA^ll <jl (jVl -1^. l V’l x^LLq ClijJa^)j3l .AlLaJl oIa ^^9 

A_ix9l^]l A_i^.Li]| (_jaj N V Cla i\jj^jj£AV^ olA <jj 

V_5 . 1 (_ja _9 (-£ t >> ))uii (JLslS ^j^a^ ^jAjJa ClAjj^jj^V 1 ^ 1 

(_j^aj a ^^9 j ^)j£aa1I ^-1 ^aIII jA Ia£ 4 Aij^n A 3^a11 Yl(E) 

^a 11a ^jl . j/Ka' 1 ^liS ^jl U^ -4 ^ Aa£ 3 4 a 5^ ^jlSI ^I^-aa cl -0 Aill^ll oIa L-jUti“i^l 

^jlj cjI^aII ^ja j.ia-A ajV cijljl_n]l Cy* ^-a ^3^ 

ciiL*_ijVl A_i9l_iLaA IaA Aill£ \ Ag aI.iVuaiI ^j^aj c3A*131]| 

(Tunneling AjSaill ^13^1 j 4 (Photoemission Spectroscopy) 

. Jj-aall '1 a ^ Sjj^VI aIajUI ^laUj .Spectroscopy) 


(Quantum States) aaaja£I 1 oVl^Jl X*j e^UjjSiyi J lJjj*a]| ^ 

^ jp-uiA AsUall ^9 (j|]^5 . ^a^a9 (_£jJjoia AiilJal] ^jJjoia (_ja cAjIjI 

(J_)a AJI^jV Aa^£)U 1 AlUall ^A A, ‘mil A Jo^’i Ale. 

c j r iL-a ja ^jja j Iajuc. . Ajjxll (Work Function) Alta J^Uj Ia ^1 tAjlxll 

^jjL-a^All t^j±i \ g x j.; q “) £j^jjj . \)3t‘i L-Ajjuj ^Ijjj^V! (jt9 i ill 1 Ag xJ^ae ) ^ja 1^. 
jia^u Lg_i3 A_ixjJa j^\ AjLoia I 1a j . ^njLaJI ^^9 ^^0^9 A9Ua ^ jLoijj 

lals ^ ‘l\l ^ 1 Ag \ ( xa ^jjix-a ^ a11 ^jjaIaa 
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^^ic- «^4XJ lx>iji 4j£lj t4_*Ja^)C. j 
jl_nll .1aj*j 0 jUxjj . 1 ^3 dilj I U 4x. ^)lill 

. CllV^ Ail^ ^gic- Ljajl 



.£o1Jxa £juj La^j tfc jjjC- j| tliUjjaiWI JUojI 10.3 j£<ui]J 

l_uL^. <_ja jlnll jU 6 (jdL-a jaSI ^ tiilLiA (jjfL V LaAIc. 

4 li,^.a ^ J 4 (Jjj£Ixa]I oL^jVI ^33 ill ^)Lnll (J^Iaj ^kVl L_ljl_^JI C5^j 

(Net 4-x-alLk ^ a ^ic. . l^)ij«£a (_£jLujJ Ajjl^-ill ^<jq ill ^jLiill 

. c j ; iL^jJI ^c. (Bias voltage) oj^-o Aiilja c_a^j 4 tunneling current) 
<jjqu]lj C V J 1 l_uL^J 1 ^glc. ^^-A^iS (_£ jIuia £ 3 j ^"n^i (. 1 0 . 3 jA La£ j 

c_a jjuj . .1^1 J (j j^jjfLlj 4K /li £ C* t 2 ljl^JI ^Jc. (_£ jJjola ^Jj 

^j-o ^kVl L-ijl^Jl ^^Ac. jA Iaa ^jj£1 ^31^-q 1 l_uL^JI ^ic- dAjjjp^lVJ 

jlij (Jj-sx^j c_a ^juj iJfctiLj *2 L_ijL^JI ^^ic. ^ jJ&Nl (j-o jA£1 Ua^j 1a^>^J 3 ^-^ 
j)*s ill ^Ic. 4 jqq'ill Clll^Lnll (JAaJ (j^AJj. 1 ‘-rA-^-H (_s^] 2 L_ljL^Jl ^ja L_flL-a 

: 
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I oc J ni (E)n 2 (E + eV)[f(E) - f (E + eV)]dE 


(14.3) 


tdl^jl^d &JJ* LS^ ALIxaII ^a f(E) AJIal! 

dutj kg »T 6^)1^)^. A^.^p dc.j E AaLLa dilj aJL^J Alm*j (_j£aa1I ^ Lahjoa]! 

• lM 


A 

/ \ 



(jl a La£ . — ^A^a ^j^jj J^dl 1 LjLVi 1 1.3 J^ll 

dc. .3.5 IcbT ^ j*. (j^jc. 2 _a ^(Gaussian form) ^jld WS Adjid* 

luL aJL _jj£I AildJ ^ u^'i 60^)l^iJl A_^.^p (_^alidjl 

^ 18 (E) ^ ill* \f(E+eV) -f(E)]/A(eV) .(Delta function) 

(Convolution) *1 j5ll o^l * jjSUl ( dl/dV ) c ^2aill jbsll Aild* C5 L*j 

. !>l£ ^ic. (jj'^j^l ^a aJUJI Ailf&J laa j 


^^A aJjVI AAJ^)ia]| . £j\ \$ j^IaJ (a )\x^»^a11j Idajl Aij^)XA]lj dl/dV ^uLia Cft A ) 

dl/dV L_iLaia. ^a j Aqfi^A V _jj^j diLiil dc* / a jqVil' dil jliil! ^jIjS ^Ua ^LLLuuj 

c $. Ida jdall ^)j-al_ic. ^ja ^j>.s-i\c- ^1 <jl ci! 11 j xdi\\ Ada^)C. ^jj£I Adi^)la]| &A& . LjJ^C- 

^a (jd^.L]| a W'n^ijj .^jI^JVI addai AaLula c.^ iu>ij <jl ^j£aj t <jl£ 1 Ag a 

(Jc- bV sincot jd-^ l>^ j* <Ajj -^1*11 (Lock-in amplifier) 
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l_j3jA1]1 jli ! aJI ^ I £a j jA CO j) n^> c\/ Clulall jj Vtll 

q j£±j& t§/ = (dl/dV) 6 V (j) C' 'J~. 3 .CO -- Jjll L>aij lie. I L_j3j3jj Lja-jl L- UjAlj L_a_^uJ 

u>» ^a liu/i !3! . liLlij 8 V 13! dl/dV c_jaj3j ^-Lujj! 

jUll ^ l_i3j.Ha]! qj^aI! ^jc. l_Lo£]! , w'ntil t CO 

l_lujIjjj djliLij l^j! Akjj A_iiljil! o3a j ^8/ I-j^IHa A_ij] jil! ^cj\j (Jj^j^j 

a*J! A_iic.j j^u>i jjUaj ^a^j !3a . dl/dV 

STM 1] A_a_^!^)]! Aj,^a"illj S^JaJjoi]! <j! Lajj . x*n AjJadAkjj ^rj-v^l! (_£jJjoia (_ja 

^_a 1! (JA L*l]3jj t"^)Jj!^) — A_iiC." AiLulA]! ^3 ^)jja*l^ JJxJl L_flj-uJ 

. A_ii] j3 lIi^Hj La1£ Ajl^.! jl! AjHt3l! 


A q u*ia ^J-aa.’i L_S ^juj !31 cLjj^j AIijIj A^.! j l_ijI_^. lIiVI^J! Ail3£ Clijl£ 13] 

Ail3£ STIVI tJ-ac. <aj^)Ja ^a o3aj . ^kV! l_dL^J 1 Ale. aJL^J! 4i\3£ ^qq'il! ^jLnl! 

t ^jjxa l_ 1 jujIjj Clulj AjlaJ aJUJ! AilfH Ai AHi Ja^3 (_jHaj A_jl . (j Ala] A-iI^-a]! aJUJI 

o3aj .Aj^iil! a_xai1! <^.Lulaj (Jjj!^) — a_1ac. AiLoi-dl! (J3 a (Ja!^*J! ^ja ^jjj£j ^\»*n ^31! 

a A jqll cSTM ]! c!jI_ujIj 3 cC 1 jV!-^ 3 ! ^)oa a !ai^. a 3 j^>*a ^jjjIjla]! 

(Jjx^i^l! ^3]! ciAa^Lla]! ccill3 ^a . IaaaHi L_ixj-al! ^ja c!jV^ 3! Ail3£J aUL^aI! 

o^joiLia ^j£V! A^j^la]! ^A A_i3ill! (jli c^il3 aj!>lc. .^jia!^)C.V! a! A-^l^ 1 gj\c. 

aJ jaUI! ^c-j aJ jaIaI! ^nlL^J! l3l£ ^^3 Ail3£i! ! x -^jl u^-^j • i -3jV 1-^3! Ail3£ ^uLiil 

o3a c.^ iiuij CljlAnlal]! ^_ja Aj^aJ! STIVI !! A^j ciil31j . J)j V^l! A_nla3 ^j*i^a \ A_LaLaiJ (J£j 

.(Superconductivity) aSjUII ajL« ^ lc- J£)i I a1J^\ j* s .i j^iil 


Ajj caJL^J! o^j! j3l! ^ jlnV'i ^qq'tl! _;LAl! a_i!Aa ^j\j _^3j 

aJL^J! Ailii^l 131 Ia^. (J\jl 3 ^jjLiil! l_s^ujj .a3j\j LaaIa^. 1 (j! lil^o LlAa^is! 
.aSjUII a_iL^3^a]! a_1U. ^a ^ 3 ! jl! o3aj .A^»jJa!^]! CjI^iaI! ^j>>a ) 

33 jlal! A-iL-o^a]! dj\j aJU. <i\ 3 £ (JjWt cAjaJ^iI! Ajjh't" !-^jj 


n s (q) 


n n(0) 




0 


if |^| - A 
if 1^1 - A 


(15.3) 
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Ej _J-l3 JIjjia 421221 cA a Clj V i 221 4j^)Lia2I 421a 2I cA ll n (0) 2 j 
(Electron ( jjjj£l'VI J jil 2 >« <2221 4 iU 2 l Sj^a ^ 2 A j . 

( clI/clV) Aja.i>ai]! <m 2 l 12.3 JSAil 0 ujj .JjjU pairing) 

Ullc. ^.iVuu; u.jua '1 I^J .E = A Aic. (Singularity) 2ji2l .(jjU J^>j 2 
^2 2L21 <il]j£ ^Ul 4 1 ■ >> ) Cj '‘ ,a ■ 3 • 2 . ^c, <31221 i ^^3 ^u'uil ST IV1 

.a^^2l ^y 1 2aj aj.i^j 1^222. j_yz ^21 tOX^i _*2l t. 2 ■ ^j| 



<jil2a2L 42c- 2 Ls Jjlji (j^j ,4_2 u3 j 2I jpli - jj * <1121 <al!i£ 12.3 JS2JI 

42Lj2]| 4 jjla 21 ^j- 4 (jj2 9 jaj 2I ^j- 4 ) .A J£2 u aa^j Sjj 2I .42i2l 

.(<£ jjATI 

STM (jjj Lr uyj_)]l Jjj^l u)j ‘c j'^ - 0 u-^?- 4 j* STM — II 

STM v < ''* - - j - 1 2a. ^ <SL2I 2)^^ <jl jA 4 2231 4 \. .11 j 

4_1xu2Vjj .oj^ill 0 ^ L_njaij I 1 L 1 j-all <ajli (Vortices) dAJ j^ll j^j-^j ^ jL^VI 
^g-u ulai*_A (JL^-aI J^a 1 4 (II dj^Lk-a^All ^-ajujJj^ dj^L-a^All a ^\\ 

1_*_a ^jUJI JU^JI ^aVi’iui ttiilj LaA2C.j .Ljjja. SaIaII 

<ajli ^ul Jj 4jaIc. iaj)j‘v\l 0 AA u^nuj . ^li (Jj ^ ajx ia C5^ 

^JaLlAll oAA ^gJa-Lujj .(13.3 (J^ ^1) aII ^ x a>j 3-~a 1 a» a!1 (JL^-aII 1)ui) ((Jjj-ajjl! 
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.4_ud.luj Ajlu Ig ktA*\ l_ujj ^Jc. J (d jLaI AjaMjli't 

aSjIs Aikiall (Low biased conductivity) a^ViaII % j^a-dl aiL^ jJI j 

^_uia lixiajjail lili .9, A A3Ua]l o^^3 iuti_i l*1Lj tAj^lsdl A<i)-i iaII (_ja 

S^)j-u£3 ^ia^j Ia-iIc- 1 t^aj 4 A ^j-G (Jal ^ j £-o a_iL-a]I Ajlx-a^-dl ^)jjLi3j (Scan) 

• (14.3 J<: dAJ j J l o^a aIi^J 


UI£a Aijjjj^lVi (J^jL^*iA\ 1 L^-iS 4. *d*lV*i diV^a. cillliA 

Ax u^a'I Aj^jlil! ^_iJl j j^ljl c_ul ^dl! ^jli -A 'mil ^ j3^^i ^ic. (Spatially) 

.S^jI^aN AalalA]! ^3 Jo j^\a (J£joU Adj^Li^lVl (_)-ojL-o^J 1 ^iiu d S j-uj 

S-AaLula d.li^. A3 j^)*-dl aLaVI O-^J .Aj^jlill Li^^jp^Ml ^3 1.1^. Ajj3 &L! SXIVI 

d^A ^j'uAi ^jdaj -(15.3 cJSdll) Ajjjlill ^ja l_j jSIL A^^a ^gajlx^A 

12 * 

".STM <_>ul J £-0 1—ljC.^ -laA ^ CjI jill L-JJJjJj (Jaj J5Li. (jx 



.4 jli/ijAt 4&jli Jljj ^ S Alialall ,<ULdj^il Jjli L yi CjLal jjJI JjLuu 13.3 Jiuill 
. f'LsIjj]) t-J) 4 jjI* jVl (N) JLa-all dua. aDsIaI! (jiij 
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1 9 jliLa jjj tl.8 K Jjfr diiii NbSe 2 — 1 STM “UljJ 5 14.3 JLuJI 

. <LuljJjill 4_Jt -'■v " Jwa (jjL 11 Jwoj T 



d4Lj£!l cj| jj Jii dl; .(111) (jAaall ( 3 ^ ^&li ^ku tJ lc (Co) d4Lj£ dil jj 15.3 JLuJI 
£)i ukS ia^V .STM (_>ui j AjjIjS j *J2 ija!) £a AjLixi JaUaI! Jjjjk (jfr t_ijlkall kiuil ^Jl 
dl/dV J3~*a ^jA all . JjdaJI “tkuiljj IaJjSjj AjilaJI ^ 4_ii jjj£JVI dili j^JI 


■ (9 Jj da. all jj^LiaSLi di!^*!) jja (jjla 12 £aja!I <ja) (_yl*VI <_ji i liUil 
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(J-alxj]! (_£)Lk (j-a l^Lujjj jl 4_iAl ^]| Clll^jL]l -lala!i]l (j^aj 

<JJjola ^_nll o^A £-a 4-l^Jajai]l (jj^jj£JVI CllL^.^a (Jc-IsjJjuj j . (_)J_j]I 4_ii] £-a 

^3 ^jja kst STM o^jjj^a ^3 tiilj ^)g JaAuij .A jL^a^all Liil£-a l^iiiu 

4_i^.^a]l 4_ix^aLkJl (Jj 3 (j-a £3 jli-a ^A La£ t Jjj^ll -LaL<iil (jia^)C. ^^3 j (^'^ill jUll 

. dilj j 

^-alj^]! ^)Jjj-ali]l£ t^jkxill 4 jL^oj^al] <Ja^)Lk£ STIVI _jjj-a ^JjoiSj (JjL^j La.lic. 

.LaUi UJax*^ ^giijudJl ^kxJl jjlj Ji l_i^j tJlfuJI ^Ic. (Vortex imaging) 

(j-a <^jLj ^^3 IaI^)J ^lill dll^i-all Cllil£ Ijl La <3 ^)*-q (Jj Vuu^ll (j>a 4_jli cL/]j 

^-uia (jLLai (j-a (jl Liilc-j (^yilj)\ A ~^jVl ^A ^al 

1 nS<aj c4^_ikuij .li£lj Li.^1 Ijj jl x nj La£ 1 -"w J-a x j.> x> ^Jajaill (jfLi ^ I3li .^lajudll 0jlajujj 
aJIjIj Lil cilk ^ajujj ^3 j .<alli-A]l jj Vill Cjlnl j3 (j-a Aj^xII £-a \ g *tiqj A qJv^ll o^)jj^a .1^1 

tJUJI c^^jjL^ill (> ^jj&lVI UJ^ 1 ' (De-convolute)*l jjJI 

AiLi£ (jl i.“n^k .V> >/l jLajI 4_ii]^3 £-a tiilj ^)jj^ai (jl ^-alj^]l ^}Jjj-aLi]l ^3 1 n^kj 

iAjjlx]! aJL^JIj (Jjx^ajjll <Sjli <lkJI (j^ Ljj^j 1 g ^i^’i ^^A 4_i]lx_]l A3lk]l .lie. <]L^JI 

©^)jj-a]l d^A 1 UlViJ Ijjj . (Aj3l^)C.^J^la) 4_1ujj^)1 x^i*i a^jj-sa LgjL (jial^isVI Lii^-ajS 

i\7 <C /\ Aic. (j^q^i^ll jj Vlll A 3-i a Ail Ig jlc. 1 iL«o^ ^^lill o^)jj-£a]l (^aJjaiSj jl^ S^jLx_a] 

• 4 j'q.i'q^kll <Lalj.i]| A \ i*i' l 4 i n\ l (jj£luj 

. Ajl^^ll (Jjuoi]l <Sb (jjjlkl STIVI ^al ' w'u^il k-iajl (j^-oj caJL^-II Ailii£ 4-^1^. ^Jl 

: j oUa*-<i K 1 tc _K( j^-a ^ ' * "' V'j ol^ (Jjtallj lilli liiaU La£ 


1 2m(V-E) _ V2mO 


(16.3) 


A^Ua a ! ^-0^)43 (^jJ-uia (jl IjjJa^jisI ^3 Li£ C(jj\_ud]l ^)j > u > ill (__5-]c. Liljj^a^ (_^^] 

V J.\luJ ^aJJ .(o^ii-k-sa J)j^‘lll Ajli] ^3 CIlqIj La (JL^JI ^A Ikjj 0^)J» E (jlj 
La ( i _ 5 -^ c ' C^.'^ill jlnll ^aJJ^jlc.^] ^kl . (jj^ j^)J^]^L] O cJ*_iai]| <]|j ^Qajoil^J 


I = Ke-2K s =i> £nl - (nK - 2 k s 


(17.3) 
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Jala *0 (Ji-ulSI <JIj j • uAUll cIdIj ^ jl *>" 

log I LijLij Liajuj^) I jl3 . (,$ £-a <J-ujl_lLoj <ali^-a <_l!axjJa j^)^ — ^ cliLiil^ £-a / (^LiS ^Jl 

^a-uj^)]l l^A (slope) (Jla ^l.YnJ J^j^Ia jc. tO (J*_ioi]l <11 J AjA^j ^Vz 

vy 

Other scanned probe microscopes j £-Aa o-a-a jaA* 4.3 

l^lllajujl LS^ aAf^^ll <ij^)Jall L‘‘u*nl ^^A ^33 ill ^)Liill <AJ^>la (j] 

^a, W"n*n jAU-oII ^j-o ^kl ^al ^)C. ^J^lall ^)Jjj-alill lillLi^S . 1 ^_iujI_i3j ^ ^la-uill 

I^a ^ .(SFM) ^jolaII Sj 3 j g > .< > jl c(AFM) ajj^II fij^l j g £jLi 

<_^.La. V jl c.” . 1 x>g n i AiL^U A iixll j (j^.all jjj jc.li!ill a j3 ^jjjliij t ^g.^^ll 

4 IjA ejj-a .^Ijj-u A^. (^g-l^* aL^i j^ll j Aljlxll ^JajujVI ^)Jjj«aJ Ajl^ C^)Ijj ^11 

*STM j i“ uj.nl ^jg.-s^ll 11 a aI/iJ (jli tt^ilj .STM Sjj-o ^ liVii 

^_^-a11j Aj^jILgj .AjjI^aII t_flj^)iall (JJa ^3 A '^aa Aj^j^II AjI f i j. ^ I £.lib £-a 
^Aj i Jaj^^ll $.1^-11 ^^3 An* 11 j jl Lg_jl£-al_J cJajaijI ojg_^.l a! i^joiLall 

.SAj^C. Clll jfiAxi ^ Ic. jj£Ij I jl g lls iL-ilAjoj^l o^_l 4^)*_udll ^ <j-a^.jl 


^^ill A_i*_Aa^ 


^ji-o^lj^Ul <_! 3 LjJa j 


LaAlc- Llia. jj^ill .U^JJJ ASLuaaI] AJIi£ AXjlII j ^jjjI j]| (jju A uK II AiUall 16.3 JiuJI 
£)Uj£j LaAlc- d j£j IjSUla Ai£l c ( ^j-u-a^LUl (J^mhII 1 </wj jC- ^JC-lxLa 

. (^jjj^a^Liil^ (jsi* jl I a£ Jaxj j-a jjjjllxa 
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Ig \c- natjj A nx.ll ^a^-a11 ^ljolaj c(AF]V1) (_£^)A1I ~n a ^9 

jUa.VI (j* ^ AFM (_y^* l 5-^ (3^2 d a $ \.\i cJc.lij 

Iaja^j A\3oj.^a ^iViuii l-sjjujj c^-aL^JI a ajax^i l^laj ^ \Cantilever) 
Q^a£ ^Jajoil^j A m 11 j ^jjjI^II ^j±i (Jc.li!ill Sj9 (^Uij «(Probc) "(J*i*va11" 4_1a^aC. 


.jjIiA^a jjjjj (Jc-Uoll ^1 ^(Lennard- Jones Potential) Jjja. a jliJ 

AjL^-ioij 4_IaL^-A O'jjJt ol^j l*£lj tAlx-a IjAq'i 1 aj^)~n c.“ u*nl ^jli j^>xa j& La^ j 


^ja JjjjA £-»Ja 3 Ia.Vix 9 . J ^aIujIj 1 g K A‘i ^iiuj Aj^jaUjA CjIj 


n 4_ijljj 4_iila9 ^jiax3l 1 Ag x>»« 1 ^^9 ^jljA^-J L_fl jjuj l.Ag \\A c ^jAaxdl 1 \,Ag 1 

^jjA jlfl oj9 A-ijlilll L_jUa9Vl (JJJ Sj£]l ^Ic. CjIjAU djlijjj^lVi AjA**) 

ItXic. (- A/r 6 ) Cjlj c_iiUj a jS <^a j (Vander Waals force) jljj 

(_ja Ia^. <J^)Ia1a CjIjAII LaAIc-j . 1_1Ajoi 3 )11 \ g i>six ) ^jC. SAC-LiIa C1iI^)A]I UJ^ 

Ia& ^laauj Vj .Aiillll 3^- C5^J^ ^buLiuil Ia±a ^ja 4_^j1_3 oj 9 J^.Aj t^jAaxJI 1 g >>» ) 

b^)±& ^)9l_ij ojii ^A 4 >jV^l j .^-uiij jlSJl ^9 aJL^JI (_>^j J^ia.1 (j-Q Ia^aII 

aj3 ^j^a£ <jl . ^(j^x,\W 1 Ag xaOJt j q a (jj2jj^)9 jljjAl! (j^£j IaAIc.) Ia^. (^Haj ja>a 

^Aa^j ^-iaI oAA ^lUll oj9 (j]j •{j^rB/v ) aAA ^^9 ^)9Lii]| 

AjliJ ^j^a^ Ij3-ij)iVi 16.3 .L_iiaall CliLijljj L-JaL^HII oj 9 A >j'Vi ^JjjjA]| 

^jjljj A Jaq'i tSUliA j ^AxJI) L-jAl^all ^‘Vqla'iA qii . jA 3^3^ 

oAA . I^)ij-£a <_£ jLojj ^jjj^All *^3^J ^gjAVi oA^ Aic. ^jja^\ 1 l^_i9 


.jljjAll CIjIaIIj A JaVill 


Al tAm 11 ^Ja-uj ^_ja A_j^)Aa ^Ic. a\\ ^_Jaj ^aJJ IaA^C. ^UjLsia aJL^. LolL j lAA 
63^3>1 c^Ijj 6jU ^aJ (j-Qj t^AxjVI A )aVl\l ^_ja ^IaSj!) c_JAl_^j (j*i> a\ 1 ^-Ja^J 


LoAlxi .AFM cJ-aC. ^Iia'i Aj.W*i\ d^AUall oAA a! AVuJ ^j^aJj A_laAj 

^j*i^a\1 ij±l O^aII ^Jj-aJ j ^AA^\lil! ^aAC. IiaII AFM C A m 11 ^jC. 1 Aja J ^j*i^a\Ij 

CIjI^AuC. oAc. AiLoiA ^gic- ^jjj!^) 1I 4£jJa ^AA A n»,\l j 

12 

JaAJ .10 N A jA^. ^9 ojaII c^JajoiSl £ja CIjIa I CIjIIa oAC. 
Aj.iic. AFM 3 a*j j ^Jajaill ^a ^jauLia ^aa^Ij ^^9 <jl£ j ^jjI ^j\\ jf\*} i 


W^A 3 l>^ tujjj aAjIa AaIc.^ :(Cantilever) 


(*) 
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ila. l ^ lutii ajiij-fl AiLui* jJa jjj^ (J*S i’n S jilll jjx'n . A_ixjJa j 

do 7 N J 10 6 NjiJ iiA (_ 5 -^ j-aiSI (J^i-uxill (jUaj jjfLij i jallill A qJVixi jl.lai ^/1 

• 1 0 ^ N J] 6 J-lX -^3 j j£j J j^-GJ J 



13 o-«) 5-jjjj-iail Lai jc-jlJil 4Ja*-uljj ^-Lua ^ AFM — 1 Si02 17.3 

. (AuSjoaVI £)jill M-uujj^a qa jiL 

(jlAjAihS) C5 jjajli (Contilever) ^UJI cjla. ajI 

jiajlil! Clulj I ij Sjii]| t. > U*i V‘l ^aJ j-Gj L_sljail jjjULjj . (_Jc.lij]l fijli jjjlii] 

duli jjSj jl jiJ a^L^ jU^j .Ifljjx-o (Spring constant) 

j^-GJ . IjJJ^ lil jail C* I.W'l jl 0 jjjt ojii] J^-gJ t> '‘ jt^-oVI jiii 1 JJ« j>^i jiaj\i]| 

Lg£ Adix-a Aa. jll & jiajlill dutj A-gj 3 jjiaj 


. E wt 3 
k= t - 

4 1 


(18.3) 


£JjJ (J-gIa-g jA (E) c4_ajl]| (Jjiaj cA^Lgjoi t jiajC. ^Ic. ^ / j W, t liua. 

jjSj La U3lc.j tl jjLtj Jj£l J£L. JjlaJ I (Cantilever) Jill jjfL j 5 .Jill SaU 
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(_paA21 dulj (j^flj (ji 1 j .(17.3 cJ^J!) A_iJ jjJall Li^l ^)C- jJdllS AjjjJaJ Ic. j u^ia 

6_j\x,i>s-i U-J^ u' £_J_21 A_Sj£ ^Ic. l^jl ^ (j^J ^A-lllc. AjjujLoi^. (jLgjJoI 1 ^j\x ksi 


(J-gIx-g (jdJ .iajujj (J^. Jj jpj ;l 2S2 .<jJai^-lA]l (jjjjl CljljJ^J Aic. 

■\.u^l jl Aa.w'uxiaSI 4_xjl_ui]l SjLgII .^jUll SjLgI 6_jj» ksi\\ Ail2£ll j 


13 

i^iixm Jc. jjfLiLaill .Ijjjjj] jijj (JaIx-q £_Lj .(Si3N4) (jjftjLdl .lajlij jl 


L ^ajc.j <200 |im JJaj Ajjlij a^J Jj .250 GPa Jl j^- < JUL2I 

kg/m kaliiS .1.25 N/m J' ja. (jiulill Cajlii JjSj <2 |im aIL^ j ‘20 |im 
Abl*-a]l Aiuj .ujj jj^Sj (jS-ojj .2.5 xlO 11 kg Jl^a. (pLiil aJj£ <jj£i ‘3190 
JiLo-a AjV (Jjix^s Aiklj ‘Jit 11 a (j;U jll (jj .220 kHz Jljaj coo = (A/m) 1/2 

.(JLLall 2...' ' 11 ^ lajt t. (j^i I .^2^ 


Aaj3 £-gj .^JJlSl ^-fll^^jl J^U. (j-G (JC'S-Slill Sj (JjjLiS (j^-oJ <(j2ajl_iSI dulj Ai^)x-GJ I^Aj 

i ^.Ij ajl^Lc 10 ^ N o J3 (J^gj tN/m UjI^Lg (J^ajIj CIuIj 

.o!>lc.| 4 _x!u3L1a]I (Jjjallj A_xjjLa 2 j£-GJ <— sl^)^-jl 


V (JjjI Jl (jl ^9 ^jJal j (J5 x xi i Jkjj (_^)xLA!ylli]l ^a^c. 4 j* x>» Ajxxm Jl S jj-21 (j] 

(jli <L*ilj £_a .AjJall ^-Lajoi^U AjjjjI_Lg Ijj* ^g_9 Jl2ljj 66^)xoLlA S_jjx^i l ^Jajaill (Jjaa^Lj 
JiI^J-gI (Jc. V Sjll (jV <1^J^ A_xij^)A C'Uxljl (__)xLA!>lli]| ^a^C- A_ 1 XjJ aj Ail nxxll 

^jlill (jjj^) ^xiLja 121c. ^aJJ t^lc.1 A-LujIxxi^ (J^” j .ALJa AiLaLA 

(j-o cIjIIa oJixj SjIc. j tAiijj Jl21 L-iijili .d^jjoiLia <_fll^iJVl ^jjjUS (j-a 

l_sJl!g (j^ajl2l ciulj jjl ciu^. j .aJIc. as-^j <ljg xxi i ^jj21 (j^-Gjj I^a .kHz SI 

F'= (Force Gradient) % Jli ^ j-^ (Offset) aj^jU^g ^21^ = AF/Az — £ 

k c' A: e ff — k — F ‘l£ I s jU*jj .z ^Sj-21 aJ!^ Sjill dulS lij <.dF/dz 

t^kixxi'l (jc. 1^. lAi*-j JS2I (jjj Lg^jc- c^j 121 (Nominal) ^^^g-GjaiVl ciulij ja 

i>« jiiSI s-yj^ jay Lo^jc.j . cOo = (kgf/m) ^ F' = 0 

© = = [( A" — F’) m] 1 ^ ~ 0 )q[ 1 — 2 F/k] :^ r u^».; (jli t^-Lu-Jl 

^ jij (jjjjll jjjj (_ji u^yij .2F7k — 1 c k^aj j ( k e f/m ) 

(j c. Lai ^ L jj V / 1 ^1^ jS-aj j .(jajl^jllj Ajlxll (jjj <3 Luia 1I ^—k- Jaj j iF o^ill 

bLaj&l J . jljjAVI ^•Loul jjjx!i]l (Jj^jia j)C. jl ‘ojailia ^jjLill (JJJJ JJjj j jjjla 

lii. La^ j ^LuiiVI (_ji jjjiill j/ ‘^jLiU (Q-factor) Q Sj _ jaJI ck°lc. ts lc. 
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L)d ^ j^ Asd-'i-dl J-i u^i\ Aj.l*li]l A<il*\ Aii-jJal j^AJj . j^^ll djj -lie. 

A-ixda^J Ajj^I a js\\ (Jaxj 4AJLiJI aAA ^3 .AliAj A ajQ \ jl jjA^I Ajljoj ^Ac. ialq*\ll 

jjfL lj jjuj jjJ jA .AHjIj 6 j3 )*ia ii "<JaLunj" jl 4<dj\j a j3 ^ j^j 

dulilll ^Liill (jy \)* ‘■^-j j jLnxjJa^ll jljlA 4_iujjj . dulj ^UljjI 4 i« x^j ^3 AFIVI 

<iLai^ ^joi-o Aic. AiLliil! s_^ll a j» ><s-ij ^jjoi^IuiaII jAj -STM dulii]l ^Uj^jVIj 

.a UJlSi A^.Luia d|j 

^JsluJI £_a ^jjjjLia (JL^ajI ^3 jjljll jjfLa 4 ^jaa!)IA]| JaAJ ^3 AFIVI I-aAIc. 

aAc- Ia^IaLo _jja*ij jl j^AJj 4 _jj : ‘i^ i (_£jiil S^bIjIaII a_^]l j . S^IHaII a^dl ^Uaj ^3 

^■Axj.i'1 (Profile) ^jIjj I_g_i3 d^pd .6 asLola jxu/i dl^p 

• a^jxuLiA (__plij jV ^ Laj l^d dl^pJ^I j^fd 4 (^pA^oLill A-pjJaj ^^3 IaI .AoujLaiJ 
^p 4Al ^ aII U^* } <JI AjjouIIjj • *— i al^p-WI j a jail ^dll jAilll ^IdoiVI jj^iVnj 

ji&Vi jjjUtii <j*j j . 4 \x d j ^3 AFIVI idd-d ^3 ^ i^aa ajjaII <j\ yunVl 

(joAd]l c ^ iu>nj A3 J *(jd^)ll aIxujI^ 4 m 11 ^-Lajoi (jjoA^. Aajl^-oj (_)aa^Ij]I A.j iVi ^3 

J-ia i ^rlx^njV 4 l*1]a] . 4 ijat 11 j ^pp-a]I j^j (A_njlpJlj (Shear force) (_paa]l a jA 

_j^la Aiilj .Ajp^ljdl dliixll a (JajolJ ^^^lill 4<LujLaidlj Aj^)la]l ^JaxuVI ^3 (_p<jlli]| 

(_ja j^31 ^jl ^33 j) j3 jp 4 A K/IiaII jp ,w\l Aj-saLk Clllj iVi AFIVI is*~ 




aja*JI 


. AjliluiVI 

^)ii]| 4\x a^)j^)JjaiJ Lo ^l.lVu J ^^A (_^_^p.l AjljLoj Aj iVi dilljAj 

C5 iaAj jpj aL^ j A-i^uJa j ^ ^ ajjj^l alA j .(Tapping mode operation) 

AJjU^a'I a J^IIj .16.3 cJ^J' ^3 j)JA^ll ^ WlA ^13 (j-o L_J^)i]lj (_pA^llill (_pA^lli]| 

IiU/i ^aJJ .10 ^ N 4(_pA^\li]l Ajat j>>i ^lS^\ ^Jl (jc. (JSj A j V4* 1 \\ a^J 
^Lujjl j)ls 4 A. 1j3t.ll ^-Lajal (Ja)-NaII ^-ulAJ l-A^J .10 nm (^l jp ^-Lollil ^3 j*1g,jl (JaI-NaII 

jLuia AjI ^gic- ^)I^aVI ^1-ujjI (jl (j^AJj .^-Lajoill (_pj^jLiJali] la3 j _jj»,*ijxai jl jjA^I 

L-J^jfc^ij AjI£j ^_jjjI^)]I j^natj 4A_ixjJa ^11 a^A ^3j .^Jajaill j (_^l^)ll jjjl jj (jjj AsLuiaI] 

^IjII jl .(Tapping mode) "jUI ajxj J aj' ^Vl J^SI ‘ jj^ 

Ui), W'^ 4 LLuaJj 4 AaijL^JI a ^dl jl j^AJ lAA jji-ujdll Iia'i o' VI jjp ^JajoJI jfii j 

.Ajp^l jjJI dal iiat.ll j Aj^jall ^I^aII ^3 l^p 3j£a a^^^J 4l_a^i*_A 
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.1 iajj u£\ AjuLui AJjjUI sift (j! uiljUl ^gj yh jjA ^Usj 18.3 ^J^bbll 

.(fb J 1&11 (jSuj+Ji) , ^t 4 I I £)a 14 U-«) AFMs £)* JjJjlII 


^Aj ^JjbLlA cJ^-bj £3^-° L5^ C3 A \X j ^gic. lcl_AJC.| 

jl c ^aCC. AjxjJa j ^9 (JL^JI jA La£ ^u^ll CC^jj <_)jjb3 6 ^)AA^b]| 4-ixjJa j ^9 

^aJJ tdlVL^JI o^A ja~n ^9 . ^}iil]l A-ixjJaj ^9 (JL^JI jA La£ ^jai'NaII ^I^jaI ^Luul (^b^ 
<_al ^)^ul (jC- L <ab^\l A qV’rN a blliA . ^j*i~^a\ 1 c__al ^>^ul (j-a ^jjb^ll ^Ac. (J 

aA\ ^Kutil ciijl£ tAFM Jjl ^jVI cJHaII .^j^a'I 

$jlc.j .49 j 3 Club jiJ <jJjj cJx-ajA AFM ^b ^^ailll jLull ^b£] STM Jjl jC 

bi]j ^jl buj .^JoauI! (J^la ^Ac- ^5^bll <_ £-q l,Ag ni S J)>^ AiLuiA (J^ia 
c 3ku .LgLgj S^iIuoa C* Uj.nl 4_mll (jl J 4uxj-a (j^^l oCA c. Ajjj^jia (jli ^jCiL-aj Ab'n 

STM (j-U Jc.lAl]| ^jli tbilj Jj Aiblal .AFM (jJi^-A ^Aax*j C_fl^)IaJ A yjv \ 


Sjj9 CIa A^j^UI oCA (Jb/uA ^aJ C^lj IAa .^ubll L_fll^^ul £_a (J^I.VVuj.) AFM[ ^bj 

I^^Aj La ^9 1 g bfll Vuti ^lill Aj^)x^i A l AjL^ia]l£ clg 1 a ^JjJa9b 


e.^-Cal .Si^)-bb Au.Vxai (jCjlaj ^ja^-aII ^ja ^.qAIl £.^^AI t Au^x^a.vli Aju^)b]| ^9 

(j£-uall^ Aj^)aa 3J (, flbll (Jjj^)la ^jc. jl bl^)A qC- La| i ^Ja-uJl IcA (_^Lu U -0 

^JjjLui^. C_kcijl£ L^UC- L. ibuJ^ll ^JJ 4 ^\b-a\l ^Jajalll ^Jjjl^xjl C*J .^18.3 

^ jJ&\ jl^a. ja PSD — II j .(Position Sensitive Detector-PSD) ^Sj-JI c> 
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J) lAa. (Photodiodes) (jjOjOa qiJjjIj ^jc. SjLc. jAj .bjlAj jsjic 

tdli jxjj aAIjs Jl ^l£ (Photocurrent) JjOall jlull JjjAI J-s -^aa. 

lili .(Differential amplifier) JoJiu iLJ jj jAiil jail ^ Jjill j 

3 j ■ ^all jlAll _l A tdljA j Aj Ja 4 jj-j jj! jll jjj ^jjLuillj ‘Laj^ll ~ A ■ 

J Kj. u i ^Ijjjl c*1Ua J£ lil LI .Iji^a ^jSj cj ju SjajUll Aiiljall j (Photocurrent) 

. fljjaj ejOa]l iy& Iajjai L 5 -a]jJ ^jjOall Jjjlall jli 4 £jlj]l . si jijl 4 _Ua uJ ‘Laj^JI <jlEj 

JjJalajll ^ - >...11 AAjljll A_iil jill ^ 'S">. . :■"> jl . 4 _ uajiII I j I . jLull j^ Aj j-all Jil jj 

•J^' . al j ~ .V 


(jjj “iiljauill ^^A 6? jl I." n-\ d80 — J ^Ihm 8 .r “Oij^il AjlLI Jxall ^LijjVI (j) 

4_al jijl j ' u Z\\ . j jjlll ^Lo jpd jjljil 4_al jaj^l jA 8(9 J Jliil j AjJjOall AjLijljl^]l 

jjjaj Ujl£Jj .(80/2. 4 Jfll AlJ jl) SLjjljll (jAiiL jjjffl A-oJpA. 4_alj^jlj Iaa JU1I 
jdjl JjaLill (JtaijVI jA 8z (j) d n-\ 4 8z = L 80 — £ 4 i_jjjaj Jjl Jl L_aljajVI 
lilUA i(_$ jii o jL»j J -S.r = ( d/L ) 8 z Jt 4 iiUi ^ . JU1I Jjfa j* L j 

4 Ajl jOI AjIIas I jjSlj o' O^ - ^ i O.ll I jlj .d/L 1 a.i.ViA a iQ ■ » 

.AFM —11 J*il1 ^adl J> bUie.1 



AjlSj Jlilll sl^jl ^yi (jjjj .PSD ££>dl if- tjAil . .i*aII ( idilMI jl^aJ laLAa 19.3 J&Ajjll 
quad-PSD — II c£ai ( 4 , 4 ) . JjaLill Jliiiyi iaaa O' PSD — U ££* j (S) .jJjIII 
. JaVl Jliliyij JjSLuiil Jlaliyi Je QJifj tjS ^^Ljll 
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a_^.IiLg (Quad-PSDs) ^ ^-<21 LoiLo^. <Lujl£ l^ji c^illiAj 
(Four ^UjVl (> <J£ ^ j (Photodiodes) a^ ^ da djb jjL AjuJ l^ja 

<xij ^5^ a,j»j jlaSl s jsll ^ .(19.3 quadrants) 

lU*j ^ t (Photodetector) ^ ^ "UajjAj b jal3jS jjJII 

j jLoull" ^jjaL^jVI <x!j Jaj ^aJ (j-o j 4^131 J ^Jc. A_njL^Jl bjjsl I 

(JjAjSI j .4_njL^Jl s jail j ajjIxSI 6_^ll ^jjA-i 3 Quad-PSD IS Ia-iIc. 

jj^ll ^ (Photocurrents) jdall uu^' J] iaaa 4A^jUJI 

<j-o ^jjjj jx>iS 1 jLiill £_a^. (Jj-al-^ Alij jtLa j III diO j II ^jl!i]| (Jjjj jjJall 

A_njl_^Jl ~n xi QjfLaj . IV I (Jj^S C5^ 

tSllSja.VI (Lateral Force Microscope) 

Claim, SI j CIiI^ajI^II ^j^aar \\ A f\ j 'll ^ j <a SI £_j^al^^-SS j\ 


^3 VunVl AajLoi 3_>Sall ^j-o o^ylc.1 S^j£.1aI 1 ^^jjjJall Ajjj^)la .Axl j IaA 

dj^lj^ad]! ( j * ^aj^lUl ^cVI .i^Jlj \<& Sj» d‘i aJ j^-uj tillj j .ajjI^hSI AFMs SI 

l^lo .^jUI Qc. c <a^SS CIjLuSj cClllA ttillj £-o .1^-jS ^llll J^l .Ixj 

(Capacity) ajuJ\ j (Interferometry) l3j^ 4 Jlidl ^ 

AFM dA£^)ju> (_jlaxJ (jl Lo£ .^jlil] (_£ ^jllll (JliljVS (jC. 4. <a^SS ^jjIa^JLuiaSI 
<j-AjS dn-o c(Piezoresistive) a-* jUL Jaiuja SjU <> (Cantilevers) *<^1 jill 

aLVunV ,"lg ^s, (J^j 4 0^1^ VI AjjVl ^g3j ^5 ^LSI LqjIIaJ -Lajj^dl 

^jia^)xJS Lq, W' n^i^Sl Ajl_j^)]l A^jjoilSj .S^joiLia ^_uA-d! (^1^) <jl_j^)S! AS * jJuiSI 

djljl J aj^^LSI cIjIjajAaSI ^^3 A-ljg ^ij .32.V68 kHz 

.Ajjill 6 jliS lis J Aj\j^)Sl A^jjoiSI t^Jaxull (_>^1^)SS ^jai-o .Cln3jjSI 

^Ic. ^a^C. Ajar x>a jj ^j^lSl djVS-^-SS {ja ^3 AFM[ (jV A_aj^Lq <3J^)Ja 

(_g-3 S_iJajl ^C-LujJ Aij^jlaSI oAAj . ^^3 C <a^i^ (3^-dS LS^f^ 

. ^rj^x^iSS A_jJa^)C. (J3I j 4 LolS^j 3^^ AFM 


. Aij jx-dl SPM aJjIc* g. L>ic .i Ji*j AFM j STM 3-0 uj 

Jc. _J^C. 1 g xs-iX ) .^-LjoiSI ^J-OjoL^J djLljlij i^JA LaA^JJXJ l x>>jl ^IxJjujJ 4 till j 

^ \(~l . \ \ A_3JjolSl ^ ti t n\ l t ^-\ ~*v < ^ju l ^‘q\ A_SjjoJ^ ^j3^J 1 ^ \^\ i A_jl_3Jjall iQ * n. \ 
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ciiljj . A m il j t(jj_jj£]VS jl) (jJJ C 4-*_udll L^qI , W'u^il (J ; njai 

Ajjg •> a! (J^aj La£ t (Dielectric) (J^)*JI ciulij £_a l-luiIil C <jV 

^Lj^ll Jjxll (jo 4 ^ cjU jl*-o jk jj (Capacitance microscopy) 
A m 11 <L-ali]| 43 Luia]| £a A Ac. S^jLujVI L_bail_ijj iSTIVI (j Ac. ^lc.j .4 'm il 

AiLja^lj 13 a .STM ^Lilujl£ S.ii^. (jl 4_SAJ1 &3 a ^9 <j\, Tuti^U (j£-Gj Vj j 

(_£^)^V 1 ^ J aij J-a^ae a 11 j Ajja^ Jl j (j-sajL-sxiJl ^Jl 

(J ^a ^jjIj ^l-^Vunl j^Aj .a_ujI^)^1I jj 2 (J! j3V Akl^Jl jI^aSI <jA (_£^kl £*) _^jl <^SljA 

JM' ^Ul (Uill 4k*^Sl ctfMl) SQUID —SI J (Hall-effect Sensor) 
^gic. 6 SQUID SLj ^-uiaIIj J jA jti'SAl ^luiaII 1 Ag jlc. jJkjj 4 ^jl9^a]1 ^ mjJVlx a!1 

•<*M' 


(Ferromagnetic Au^ksaAll AjilijVI j^kj SjLJ! cA£ 131 

.a mil j aaII ^^iil_iil ^ j^ijk 'ix a!1 a jpW AFIVI ^1 . w'Al ^behaviour) 

^ uijJ^U a ^Uai^s AiLjalj jl t4 jxtijk’ia a oJLaJ 4jAk j^J^k j)C. Ia| ^^jljll A k'lat a j)£-GJ kA 

<j^AJ kl_i^.l .(MFM) A_ix*nkii-A]l d^ 3]1 ^)g yi *na11 13a .^ol^)]l 4 jI_£J ^9 

t ^^nkix a (jJ j 4jajqjl aJ 4_Iaji_A4 ajLa 4 iioujajjt .all dlVS-^-dl j_)j‘ .ad] STM al 


Ija .(Spin-Polarized STM) (SPSTM) Ul> STM ^ JUI ja L£ 

4x.Ll^ 3 J_^a. jj^ SPSTM — 11 jl MFM — SI ^ SJj^aaII ( da*-4 -jl j 

4_Lulllljj . jjjj-plxll STIVf jl AFIVI A I_ilx3 ^jjlkll (_£^j^jj t4 ua)ki» a 11 
^^9 JUJ ^A LA .UsLjaj a^jg^.1 AiLjaj ^j-o V (j*u*iViSi ClA jiV l J ^1\ 

.^IliiSI ^^3 <joi3lVu*) (_^3]l c(NSOM) (JA a\S ^jolaII ^ a 


(NSOM) Ltujl] Jla^u 5.3 

Near-field scanning optical microscope (NSOM) 


^^.j^ill J j !->ll ' ' '-.'Vi 4 ■ij. 'i \v -.V 1 4 '0, \'\^N\ 'i ^j| ^ 

- ) ■ aa ^ 1 ^j^VI ^aJI ^jl j4i 4 u --i . . jj . 4 a ^aJLoidl 4 aj^^ll CllL^^Ail 

.(Abbe Limit) tdli -0.61 A, ^Ij^. ja jg >4 4 L.ul jj 4 jl.jn.al <jLaj 

( jjxall JLa-dl jl) 4 jjU. ^all (JLa-a j. 4 4 jl jj . .1 Jj ■. . ..^' j aAa^^ll 4 q ^ j tall 4jl 
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(SEM) ^)AL^a tcilE] . ^j.’U^iaU 

l^J uj^ (~keV) cAj jjjil^U a_JIx]I AaUall ^ s u^n tJULoll cJ^f^ ^Jc- >.s*\\ 

. ^J^aII ^.jjJall C1 sL^.^a ^ja _j\" &\ C1jL^.^a 

A. ^ j-» JjL (Monochromatic) (jjlll * ^jJa ciilAj jLjc.1 ^ J 

(jl \ ,g i^aj Ja^a X/ dll j A1 iLulia]I A^. ^aII (jli t A. m 11 ^Jaxu ^Jc. 

a^A cJ£^ . A,j nx'Al ~sa11 AjojJIC. ^JIj ( '\}*X (JI^aH^ AL^la AiLoiAl c-Ljaall 

. ^X"^) (J J)^ (_£.1a LS^ 0 ^ 3-a a xi\\ Aiajoil^j o^jol1ia]I A n An a 11 dlL^. ^ja]| 

C > 1H>i -X (j-Q ■& ^Jajai]| ^ja (J^La (jC. cilia jIxa JaVi C1iL^.^a ^^Aj 

cilljA (jl j J • CjU. jaII ^ja j^Wia" ^^-^.^aII ^gic. AjLiIujV I _jL-alial 

. Ljajl c"l,Kjm ^)j^aSl A_1 ^,^a ^^Ac. (jla cX ^>AjJa Clll_jA]l ^>a 

ji 

(Evanescent Waves) "<^2^1 c^U ja" L5 1 j aj U cAa j!*a j 

xjJalujJ Vj c^^^-aAj A^IIa IgJ (jjfLjj 6 J Ig Vnj Aj.Aa ^ac. C1jL^.^a ^^^Aj 

AiLouJI £a Ac.^)jaij l^Aa . ^a a .Lai (_j-aal_iL j . A C1sL^.^a]1£ e-Ljaall ^jc. ^jl AiViVI 

a£j^ ^j^xa a£^>^. tfjiic-l E] tSTM aJU. .^a_^^ 10 ^ 

^AxaII IAa ^a diL^. aa^.^a]1 aJI^II ^Liic-I ^j£aj lA-iic- cAj^ja 

Near Field Scanning Optical ) ^RjAli JU-dl j^-dl jAU-d tjjl 

ajLAla jtljj (l_jjjA3I JI^aII jaI^a ^LdVI) STMs (Microscope-NSOMs 
j NSO (3-° ^jl . (.\)», t ill (JL^aII ^)aL^a| a jaU^aIIj ^a\ ^ a\1 

J^xjj .^Jajjoll Aa^^UI Aa^. ^aII aII^U ^j^)au]I (J^\ •s ax>>VI ^a, W'n^ij STM[ 
.cAbjj^VI STM j ciAjjjjill NSOM J J\ 

^Jajaill ^ja 1^. c. <i xl'ilSll £jJa j L_l^. jJJ AjIj I^aIc. tSTIVI Aj^>^A ^)a 

(_ja^} aIa di^jAal ^a .i^j AJaL^.^U u]j . a^,^a ^jj^aj cAILola^IJ 

L_Ujai]l (j]j .iaAa STIVl ^1 jlkl ^xj Axal J A Cll^-ix-sal \,g \^\ 6^1928 ^ a ^ c ’) 

(Jjj aj ^j*)*s,a ^ )'n^o"i i A_x-al^JI Ai^)JtA]! ^Jl AaIAxaj ^iklAli IAa *'jj 

<j.*lat*i\l Cjlila. J LljL^jajLall A ^ liLL^a CllLijiJ j lilA .A-iUtl] fijjjLua A aJla 

SI ^l^i^.1 ^xj S JJ 3aJ ^ 0^-3 ^S S ^ .ftSA* ^ ^jlj .S_g_J L-JjC-^yi 1 ■ ^ajl ojill 

•AFM _Slj STM 
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qa 1.1 ^ UjjS 4jlgJ djuia j .f j-ua ^.lVu*i4 ^jjJa uLj 20.3 jLuilt 

(J. Hwangj L. Goldner o 4 L)it j-* fr*" ** * 16 <>) .5-^1 


A J^t nt^J Lot L_U^)i]l JUJt ^jc. L_La£]t ^aJJ (j! (_£^}^.t <_l^.lj ^j-Q 

jjll-aaII) transmissivity <JlilWt <LuJ jj J\ i(<jaij >. t nl>'t ^^Ic. L_Lil£Jt j j^a^St) 


C 1 sL^.^-q ^jc. c. L : j^'t <jt Lajj . (<iLa^) 4 m 1 ^jLLl ^njL^Jt ^ic. L_Luol£lt j 

LiJjjJa lic-Lja-o Ij^jt ojlc. qj 5L} NSOM ^VLxixilt C. <a Lil^lt jli 4 4 >t U n\ J-a^ag ^ 
Charge-Coupled ) a±JA\ jja jl^ J (Photomultiplier Tube PMT) 
l_LJiI £11 A_£li jk ^Jt z ojjuj 4 (Device CCD 


£^t ^lt jtt ^j^i-vx^t . jtt £-q Lj^x^aJ ^Jjjjait 


Jc. -Ic-Laij jU. ^kVt 11 a •j£^)>"S~*} ^ \)t jt ^U.j c. <aj\ 

^jxi^^ott dlL^.^0 JaliiilV ^ Lixdt ^j£-oJ Lo L-S^t 

.NSOM it <jlyLj.it LujLait a vLlt ^ a wj^ij . ( 4 vLlt^ (_>^t_jit »l niuL 4^jA*_Aj 

nm Jt^a. VjJ>j cijt jIa ^ jUt dill* ^-^a o^a ls ^'^ j- 4 ^ ^ vLlt ^ jt jjjj 
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(^ic. .AFM j STM Aililuol£ A*£j ciboul NSOM — W A^lfi^l ^jj .50 


.^Jajuall (J ^Ja ^- ul '‘^J (-£_J J “ £a ^ (J*i>a \1 A-ilaxjJaj^^ll L_J^±jl tSTM ^ JP’ 


£a NSOM II o^)jj«a ^^JjjJall L <Kul£ll qa ^-^aJI . W'n^ij 

UV*vna j-aVl ' ^A (jj .(UllC.L fil^)j (_^HI ^Jajoill Aj^)x*a ill ^j-ajL-a^Jl 

.<L^aj>Jlj aJjIxII ^jJajaJI (jp. ^_Lj&]| NSOM ‘AFM jl STM <jc- 


^3 ^-ui^xll L_J^luiVI |a.K"lui 1 NSOIV^S (j - ® «^OaJI^ i^lLiA 

1 . 1 a. Ljj ^)3 jluxall £jJaj ^aJJ IaAIc. .( 20.3 pjjJail ^j-L-aA^ C. Qj\ \\ ^a.lajj 

^aJJ .Ixjj .^Jajoill £a Lix3^A (Jc.lijj CS^ LS^ Cllba^A ^jli t^JajuiIl ^ja 

AjlgJ ^^3 ^ULjj (^£^)j-a2l ‘NaII (Jja^ i£ ^aliaj (Ji3 (ja o ^Jua$\ f-Ulijl 

(Jj^joliI CCD Aiaxd jJ Ia|j PNIT Aiajujl^J Loj L-flUaAll 


^aj . C— fl\ )~ ia \\ AjI^J ^j-3 Ail ynxiVl ^.laj (_£^l -lajVI ^JaIjlII _jA A Vigil (jl 

A V^ll (J!)Lk j)A jLdl oAuj (jV fcA-il^-j V Ia A Vidl ^~n 1 Vi5aj V 

(jJj (JaC. (jI£aj A_iaAVI (JA ci-*1F5j . (j^aia-iLuj (ThfOUgllpUt) (Alix-aaJl) 

^ja (jl cA^ (c—ul^uillj (_£^al lJa! jc. aJI 3 ^ A-illc. 

(jC. jl ^LaAII (Ja1aIi]I (Jjj^>la j)C. IaI (JjjI _ j \\ (Jj^-ujJ j)^AJ . A_iJ jjJall 4 (u^^s. II 


<aJp. ^l.ikU fn < (Mechanical pulling) ^±\£jla1\ i.^xdl ^ -^V^SaII i.i^dl 

C I.Kj ^lia. 1 ,"na ) A^3^)la C t ^ ^i ^aJJ ^aJ ^ \)\W £}a JajoijVl 

o^a ^ c^^-uill (j^axj a^I^jaa (Cleaved end) a^jAuiaII ajI^aII .JL^aajVl 


0 ji^J -sa^ AAAx-saA c.^ ^ ^i dlljj! ^)3 jJJj lAA o^.W^ A VM! j£j j cAij^L^^ 

^JAlAlill 6 J (3lAJ iISjaII L_Lajai]l A ^\\ ^-Lolllujl ^jj . 

^a UjUa^ A^L^. 3 ^^ UiUlVl (JaiJaYi (jlL«Vlja .(Mechanical etching) ^4^11 
Ijjj .^ItVl ^ (Toluene Layer) uiAP aLL ^ (HF) Ajjjia 

jj£jj ^jlc- IjLojc- 1 • UiAj-ZtlF ^JajoJI Aic- (_jJ^)ll t_K .'~.V'^ . .' ‘ ijj '^ A ^ >. j-ilH 


.<c.1_joj <Li 3J 30 ^—11 1 a j j ^JLa^. 1 ^jl_3 i J ^L-LI 


.Ai^klJl <jl^_i]l 1 -iC- La (jjx-aj C_Lli]l ‘ ^ (Tj^aaU Jxj 

o^J Lj Aii. 10 7 Torr J] 10 6 Torr l ^ jl jjj ^1 ja ^ j j-L . y'i' 1 
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^sJJj . Jj3.1i]l (JJa A Vigil i” n^ j AjjI jj jdjll ^ c-lyUall l_iijujjj c > v^j .ojjj ; 1uJI 

IxjUjJ ClAjj . ^gil ^Jajolll ^Ic- L-lluJjjll ^aJJ l” n^t j ^aAxaa (J^joU L QjUl ^aJJ 


j-o A^Lajoj jj^I s-l^Llall jj5L) jl L_L^,jl} La£ .jJ jll ^.^Ual ^ jjiJVI jl c__lA^ll ^1 , W'n J 
f. ^j| jj (J!Lg IjuLuj jjuI Ajl £-a j . dal j!Lq jjLill ^ja dill* £_iJaj ^1 j^. i (jl I J^ac- 

.Ljl^ NSOM —II o^jjj J VJ <AFM 


nm (jjj ^jIjjj AiLaui ^c. NSOM <jJ j (ji 4 -^. j3j (jj^l aj^U l>° 
ja (Jsl AiLaiA C 5 ic- j t A na 11 ja (a Vigil «. inn ja (JaIc. c&jlc.) 50 11111 ^ 1 ] 10 

A-jJx^ll J^ajl t/T\ 11 ^3jJ j^AJ ^^ilj CS^” ® J^-C' • A-^l (‘l J« ^ 1 -l^J A Vl^ll ^L2>L2k 

(jij AituiJ! c.“ n /n ^jj ^al I jli .NSOM ^-uia ja Ij u*n Aa-ul j AijUa jAjJa A_iaij jaII 

Ajjj-saJI j^ajlx^All j-q^ju SjLujI jl-AjJa \x ja 3 t^r J*\ xs-i (J£juij jjjIjIIj A 'm il 

jC. JjJjll .^a \\ jaIjIa Aj£lj (^JsJjuaa Jjjt_i3 ^Jl NSOMS ^VWl tL_jljjalVi .^Jaxull 
^ u^ij ^£1 NSOM jJjlaJ jl Aks~xA ^3 <_£ jkl djjj£ A_jja_*-a jjaVI a^A . A, nail 

AjjjjLall o^A jx-saJ^j j^lj iAjl^jl! ^^3 A nail j jd jll jjj Aj^illl ^al ,W‘n J j^aj j .SJuLq old 
Ail^. ^.I.^Vud jA jjJaL^JI Cli3jll ^^3 lc.jijai jj£^I i_Jj1ujVI . aU^jaII dAnall ^ic. Ja^3 
\\\x 3 17 .^ I^jI^jIj A m 11 j ^)jjI^) 1I AiLuiAll ^Ic. S^laJjaiSI (_j-a3 Aj^ilill 

.(Cantilever) m ^jU" NSOM tdlij <AFM ja 11a 

La£ ;Ajlj^)]l A£jjui]! ^al , W'u*]l (jVl lc*j;ljai (j^lj ^PSD J _J_)^ ^al , W~Ui.il 

l_j jijl ^.W'n+ijj .AjU jll a£ ^joJI ls 1c> ^ Oiljll 4-ii^jJ .AFM ^u»3 ^ llujslj 
(jiil jll (Tuning fork) Ajljjll a£j*jJI "^j^.j 1 a" LS JaxjJajj^£ 

^gic. oj^laj ^LujjI ^ja (J£ ^ixJ .A^jjaill ^jjjj *^*0^ A, nail 

^Lujjl ^joISj .A nail ^jC- ^jjjljll -la_j lAjj^J Aajju t A na 11 j ^joljll (j-a^ll oj3 
^^3 a^V^I J-a u^i (jjjla ^jC. ^jc^jaII ^jJjoiaII A_iic. JaSL^Jj oj^la jl C_JAjii]l 

.A nail j ^jjj! jll jjj AIijIj AiLaiAj Jalil^Vl cAajjiall o^-Jj .SJjjaII Aj^ilill Aal^. 
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Summary 


>>» -6.3 


i I ^j-G g A^a Al^ ^_ujLg1I ^ Aa\1 ^)AL^g 

. (Jag'S 11 4_illj C^JOlLolIj 


^nlaj ^jj Lg-IIc. J.Lgjj jl SjLg SjLg ^j-o ^-ujLgII ^ u«oj 

U^J (jj-lJ £-G ^)3 Jj (j! ^j£-GJj . 1 g j\c. (JL^-g 

,<L^la AiLaiA ^Ic. l)^ 


^gij <ix*u]\j ^^_uia]| 4,‘m 11 ^j-G Lu^jii ^jauai'vMI L__lJ^iLi]l 4-fli ^jJaj 

.jy tj* *bV Wil ^ i ^j-gI \ g A\AK*ri\ ^Lnj .l^_Loi£ (_j£-g-g a^jLoij 
. Alijlilujl i— fll 3 oa'1 AjI^J C5^J jg ^a'I AjIHg ^ _jjjj 

I ^ Q . 4_li^<l]| ll i s~\ •>>. ^ jnuiN 4 Q \‘‘l *N. A L ** ^ \ VO \ A \ 

STM J . lc« ^pS^\ ^_gA ClAjiV i Aj^Ij Ajc^I^aj I_Lg3 
— Slj SFM — 11 jl AFM — 11 j 

NSOM 

^gic. ^^_iJ jl £.lijj ^J»juN1 ^-uiaII ^)AI-^-a ^>1 ,W“u J (_j£aJ 

^jA }^a11 

NSOM — 11 j AFM (J^-gjj .Jaia <L-aj^ll ^ jl^il l jjjj^aj STM — 1 

4 4 n v ti l ^ ^Q-v ^ 4 \ ^9 i ^ 1 j (, 4_L - £3^ - g]1 ^ 


Questions Jjluta 

0.25 in AJjJa j_j2l PZT-8 LS ^i-^jj^ ujil STM ^^La «Lij ^ . 1 

J^La La .0.020 in a <£U uoi ^Lj j 0.25 in a_i_j±j5U ^^.jLaJI ^>Jaall ^Jbjj 
^^Ikl-lll (jjJ jjj£iyi (jJJ 100 V A_iL ji j^)2 (jjjaj aj I j! w uaiiij 
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La c0.2 f j ‘ll dli jMS 6 STM Si ^)-a 4jji Sjjj-sa J 

^Ic- Jal q^SS ^JaiuJaj^^Sl L_J ^^-Sc- ^-ilLa-oli A-iiS^iSi J^jUa-<ali jjitliSi 

?dulj ^lijjl 


^j±n A_i^2^xuli AiLa-oll _j.iis . ^)^Ji (j jj^iy i ^ j j-aj ^»i .W'nnL A^LLa L_Lai^.l . 2 

’ l£ jLuia ^Jc. (J ^lali L— jLj.i'S J^j^}la qC. (_>«i^>Sij 4, n* Si 
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Jj 




all 


( jl£> A^ujJIaA 

The Geometry of Nanoscale Carbon 

(*) . .* 

v t n<ui \°i 

A$f a Jl ja1\ j fLjjilt 

.Ljliluuj tAj V A_il£ tUjliLttL AjVj AjlaI^ 


4A_ij j t A,j n^^joll ^gajl t/i~\ 11 ^ Join A<L^.^UI (J (jl Laj 

1 g'n n Aj^Jaj ^ic. J ^ a ^ .^Wu*i Aj^jUll ^_nll A_Jli!ijVl j 

SAW a!1^ ^^-AALaull AmViA (jj . 1 g*u*i,V)A j 

£a Aj^jLill A_ml ^JLa^.V1 <_ja A ]^n*M Ax. j«q> a 

. Ig J dalii^. 

Bonding lajt jSH 1.4 

j Is 1 JjalUJl £(Ja ^»JJ aJj^xaII S^p lx ^)JC. 

^jj-aLic. .1^.1 jA <jl IaJ . (ls 2 2s 2 2p 2 ) cl^J^ 2/? AJl^Jl 2s 

L_lA^]^^ 4 1.1^. Q^))3t kS~i oj^ll 4(_5 jj^ll <JjVI ‘^-SU-all 

AiUa (jl Lllc. tJjlLoll ; jal£jll dab jjpfUJ a] ^ >>i Vi (Coulomb potential) 

diiUJI jJjJ 4dj dll jj £ .adjj Lade, .(l/r ( *-a jjjuj c_U_j]j£ 

4 y. d-x dll^)l.la Lai (_j^£jj 2.p J 2.S d jLll dll jl dill ^ 1(~- ‘t j J -v dl dll jilil <ial^ll 

( *’ Vincent Crespi, Department of Physics and Material Research Institute, 
Pennsylvania State University, State College, PA. 
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(Antibonding) Jajljjil s^Lja-o LS la jl ‘(Nonbonding) AaLliIjj V jl ‘(Bonding) AaLJjj 
LaJjc. JajljJI . 2 P J 2 S ^ ^ jh j\ _J • A ^ ^ A 

Ja.1 Jjj tlita. ‘4 JjI Jjlalia Au jjpSJVI ( Wavefunction) Aja. _jJI aJIJI a . w J]| 2il U JiVi 

* 

>£l j3 djlc. j .SjjL^JI Cil jiU (Attractive atomic potentials) c$ 4 -iils^S di\jj*£ 


(jjj o^oiLia £Ai ^3 ^jjjp^lVI 4 W x1‘i\ o^jjLa-oll dll^pll Jajl^pll dll^l Ao 

oja ^g-Ajqjj .oAjj jp^VI ^i^-II I pa ^^3 Adpl! d_l\jPl_dJI (j tdjl^pll 


clljljall CjpU. llada Ja 4(JjJj£S AjjaiilUfl ttilli £-a .((J States) G dlVL^J Jajt jjll 


^j^oj (jdjjLdla (jdj3 ^jl AWotij cl*1£/Ij duljj cjjjSiyi L&-®) AunlmVl 

(jjj ^ Al'q'ill iaA dldjj (_3 j 3 ^^alloll ^3 4K All SjiL Uajljpu <jl Idajl 

"Lnjl^k" Jajljpj <jl QjJ^)£SI (j] dusk j .(1.4 (J^dll) K d_lVI^> ^ J' tdjl^pl! 

ca jjlVdll dll jPlI yjj iajjj <_£Pll iaaJI ^Ic. Lp j-^C. 4_dij ^11 p dlVl^. ^Aidailj Idajl 

.pIajVI AjjIS dilifL ^ oj& d ba Ia^. Jlc. (Anisotropy) J^A 



.jl 4JU. (Dimer) (*)jAp jjjjII ^Uauill 4il!& 1.4 J&u«9 


QjfL ^j^J^)£ll ^jxsi)x \ 4_ILa. du3l^)aJI Au Jaxdaj 6^)1^)^. ^)-o 

(Graphene) (JjsI^JI SpLg <j-o diUJa ^j-o dusl^aJI .AiUa UajL 1^3 

l^_j| V] 1 g >.six ) cLll^lj AJajl^Lo AjjujIAuj djlil^. ^j-o Ig d L_al\jJ 

. jLuVI SjLq ^ (Loosely) jjc. cJ^jA Luj^-q 




plj — (jj-ojlli) t-T cJ^° A.,'i]>jJ^A .» <\ l 


.Jx n JjAL-Al 


> (_j-o I^ojJ 


# (^^j 1 a 1 I) (^ajIj 


180 



iy j X (_£ jJ-uia]! A_g_^.^-° C^2.4 (JS juJI j dJL^Ij AAlLa (J£ ^j-ojJa 

(j/nsi S^)jL^-a Cj^\j £_a ^al£^lj lg_i3 Cjlji ^j-o S_jj 

k\j . (_)'six t i\l 1 g *si* ) £a 1 qj» >.s-i Uajl^jj 1j.Alj CIjIjjLiuia]! o^A Jajj^jjj ;^£j1iuia]| 

(j* oA=Jj Aiik£ jliic.1 Vji s-^j^ cJ*^' l£ 4> (In-plane) ^jlouJI ^ s/? 2 

CllL^ljJ Aj!>\j UjIajI ^Ixj jl I_£_a3 2p y J 2/? x 62 s 1 CjIjIa-oJI Jajl JJJJ .Clli3l^)^JI 

dilj^IjSlI oAA j \sp 2 Aj-ojuall Ua 0-°) Saja^. A_iL*k (Superpositions) 

S^p ^>-q ^Jl slxil 4K /I) (Lobes) (j-a jj-^3 Aj^\j Saja^JI j a Aj!>Ia]! 

oAA .J j j (_£jJjoia]I ^jAjJa 1 g *,) A y ^ Q^* 1 g x-oa j £a 120° LI J_j ^3 

c2/? z ^.QuaII ^jIaaII (J^.Iajjj .S^jjL^a CaI^jA C1l>Ia £a G -LjIj^) Laxj L) ^ J)*** 1 ^ 

An! CjI jill ^ 2p z CaI^)IAa1I £A isp 2 -lajl (_£ jJjOlA ^gic. IaA^aC. A_g_^. ^ a]| 

A A j 'Lull J AjjIxJI ^ j)"1au' 1 ^gJaju a .Via a (Sheet) A A g j uu iajl^jj aJU. 

a^a. 3 -q dul£ IaI jj£I AaIIxAj o jjI-sa'1 CaIjaII 2/? z CaIjIaa (Overlap) j • LBal^JI 

. LaLaj A_a2ajoiA LaAIc. Laa]I IgASlia A QjfL k^Ha! tA_uiij al^A^I 


^CaI^aH (Jj-ali]l Ja^JI (J _^Ja ^ic. <_£j3VI Aa^aII CaIajaS'1 (J^IAj ^jl Laj 

tillj ^ J5I AiUa a CaVI^JI 2>-q Al^lill (Electronic Bands) A-ijjjj^V! djlSUaiU jj^a 

.71 (jc. A_a^.L1I 



181 



Jaji^jjli CJaS l^ji^Jaj ^1\ A3 LjJaVl^ LJl CllVl-aSi ^g-laiu t^si^li ^3 

diliJjj ^jt> t{ JajijjSi CiljLja-o CiVl^.) .IaaSaIgS ls 1c' A^Ua in (Antibonding) 

. ^AjiLiSi A ajqj.*a ^3 aS^Lg ^X. i2/J z Clii^jiAAli (jjdiiS AiSlx. AsUa di 

Jljj ^jja ^jli dj^lc-lij l) - 0 Alvllj is^j tiAa A_ajxjJa dila±3aSi ClL>lx.li!i3i 

Z oi-aj^i (JaiAliS AjqASi aIxjVI • £ aLvjVI dilj jjfi£]y\ j ^&ac.j 

. LiA aS^aAaa ^jj£j (jl Clnsi^alS Jjj3ASi (_j-ai^il3 A j'qjq^Sl JaLdjVi j 


JjUaj a_^a^ ^S-a^i (_5^] &«^Sx. ^ > _ 5 -aAI-u 1 li]I Jaji^iSij Aj^iiSi Aj^aSS ClAjj^li (_£AjJ 
iA^a aJ jj-ai-G Aj ja AaUa cAjj Iuia JJ ^Ajj Ajjali CjU jA^Si (jl £a j tojiiZ (Bandgap) 
(Ja 1 (_£^)ai a^)A ^)a\jj A a, n 3a Si (j! V] t ClllA j^jj^SV 1 CliliiUaj (jx (J-»-a3 

CliljjiAaJ CliLJa aJojIjIaII sp 2 Alii jA :Lx-ala lliAo (jjSi^aJi A_nj ^j^j^£3i 

^ jijjA £-a cj'jji ls* i s* lS^A? (J^A ‘(Three-Fold Coordination) 

K j K (jjliSS-^-Si U^ _JxgjV (ji A_mSi oAA (jc. Iaai n <_£A3i (Jja^SS (j£-Gjj » Ajla a Aa j (J£ 
(jjsUaiSi (jjAAj tAsUaSi (Jla-G C5^ SljljAAli ^»A3 ^gJx (_£ j2joia Ax 

V ^aUaiSi (ji LaJj ‘.Sfermi *^ c ’ Ji 1 x«aa n ^)Sjl 3 (j^l x A n 2/? z C1 jI_j!Aa]I 2>-° (jiS^^n^li 

V Aj j 6 (JjJaSV I ^SlliSi £ (Ja-9J AjIs c ^jlkj a ^^-2 £ IjA 2)-q AljsUa A *^x>j 

Jiuj!>l! AiUall cIjI j a] jaLJI CjU ciilsUaj (Necks down) l!^A l>° 

Aic. t<l j^)x-g Ajjl^sj Jalij ^j-o Ax. j.q'n.g 2) -0 lA^ -0 

q±i a Lx-g cxjlix L — (jli ctlilj ^Jj AiLjaVl-J .^g-G^iS A3lia 

L5 Jc. n — Si j 7t — Si cjlilkj ^ji^k AA cAi^i i aa .(Interatomic overlap) ciji jili 
jjl£ .Aj£-g-g AsUa C5^1 AAJi ^ dj^S^-Si ^UlL ^x3Ajj iAiUaSi 2>° ^^ij 

jjai jaJI A^jqj.^i j .Lg Ic-^j A^i-Sa Ajc. Claljjjj^lVi Ac.^)jjj ^Jj«a!i3 

^x-g ^JAx-g ^g-3 I (Jj-a ^aSS ^ ^✓‘ 1*1 ciSA^ij ^^-jAx-ASi til^Sju^i (j^ ^AjA^Ji 3a A Si ^-Sc. 1 j Vi 
^Uaj a jai ^ Jx-ajA c. <i x *ai j (Vanishing Fermi surface) ^g-xi^A ^Ja^ 

. Ju^lilSi ^-2 3'° ^a Aij ^^p^SV i A_mli a AA ^jjALaiSi (_Jj-aASi c V^a i c S^uj . AjjAi^IHa 


(J jVi <■ fij-aSi lA^LaiJji 1 g uaj ^i ^j^J^)^]i a^jAS a^)jla-ASi Clji_jAlS 1 >.^x)\ (J^aj 

JaA3 4( j^J 7t “^ijj (ji ^ jjliiSi j ^jjAli JjAaJi 2>-° 

Jajij^) AxJ^)i 3a u^aSS-j A-g^)Lj dilAj^j^Si Aju^jV A^^llLci i. > 1 u*n Aia-aSi ^)£^)ASi (J^iaj 
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AjjLj Af\ L_i£^)-a]l jA <jli cciilH $ A q\» a Ai±Lali (Jx^J (Bonds) 

c > l\ An V ^jxiSc. ^Ac. c j^jLiall J «£-^aa A_iaALoij AjI j^) ^\jtS^\ 

£y* aJIc- Aj*.j^ ls ^ N 2 c-cSj^ (Triplebonded) JaJ jj c bSAnl ^Jajljj a!£\j 

AA c is^ J AViaaII A ^jLAl A_mj A_j^)LLa ciiljj j)\ 

Jajljj £-a S^Sx-a (J£-ujJ l^-jj Jj V t 7t — A_Lajl^>J ojq'u^ 5/? 2 A_^_iix-a (Jx^j ^^1 xjl^jll 

. \^^aa J^xlLa 


Dimensionality AjjUjVI 2.4 

(Jja ^^A ?^IxjVI AjjLj (jjSl^)^AI A-^ji-*-* 3 ^jL -LaJjJalL 4 j 1 * \ La 

AjjLj 1I ^jjl .£ j y ix LjIaI^jVI ^_gi (_£^)ix-£a — V .1^. £-a t jLuVI -}^)^-a 

^A] AjjaiilLj . ClltsUa J ^ ja£ Sja aALuia A qyi A1 ^3 ^^A <jj3l ^)^A1 aALlAII Aj.1xj]| 

ciiV^x. cJj^ ** n ^j£aj saAjjAs ^^Luia] A_mll .v'ia'i t^p 2 ^jIiuiaII CjIaI^jVI 

(Finely-Grained aAJI AjIc- ^ l$i£3 t<iilk-a a_i^. ^a Jl jJal £-a cAjj jj£WA a_ia 
J axjJoll (J^juJI d>a .(j^x-JI 1 g x >»» ; ^jc. (Spaced) ^c-liill La^ .Wavelengths) 
. jjj£ jj^. IjiSa jaljj Aic. wavefunction Aj^jaJI aAUI ^ A-iALA j (Node) S^ac- 
L_aLjaj 0.3 nm Ji j^. L-i^. aAj3j ^^a j (jjsl^AI t^jLaiA ^^Ac. Lp ^ ac. j 

<_jJj^J cLujLujI ^ \x J La jAjj oL^jVl IAa ^3 <A^.j-a]l S^Ac. 

aJI^II 1^. Jlc. (Curvature) i^'ij (3/7 c£ c5 j^olaII (Excitation) 

AjjI j^JI djlSUall (j-a ^xj! AiUa ^Ic. ci!13 ^ jJo'n JllilLj cA_i^.ja]| 

. A_^Lla]| 

^j-a aJIxJI A_^.jJ 1 djlj jIxjVI ^LLj (Jj£joij ^jj 

.AjISaIIj jjljll ^Ic. ^3 j oJ jC- j-all l^jlluJadS ^-ujLojI ^)-al jA A_Jlxillj J^LujVI 

jIxjVI "LLLj A^jL^i Aj^jujj IV^Saj 111 cjIxjVI ^Jlc. ?liLal 

,\}qV‘il ASUall Ail^j ^jj (JA 1^. A-iic. aJjIc. Llilliill AxjII ^ o3a 

^3 (jj^ i^y a A_il LA-^J 1^1 cAj_j 3 AAiLa ^A ClLiSl^^JI l Ij u^n S^jjxwa djlA^joa]| 

^3 -Lajlj^)ll ol_^jl (_5 ^^aC- ^111 ol^jl ^jl LaJ • cJ^-A (_£ (Jl^Jal 

^j-a V 6 A-jj) LiMl ^jl^La ^^A A_3jjjjj ^.LuljV A_a^)^UI AiLiall ^jl3 t^^liuiAll 

. (^Allila^. 


6 U^U c^Lqn>n cilia! jail JJ (acoustic phonon) iS *^A\ jail t^Hal ^ c_uuill jj*j Ij^J (,) 

.^-Jaljll ^^^.jaII A -\"\aW ^Lj (." Tu^n ^ 
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AjjIjj (jdl^d! 4^. id^a <J^dj ^ad dlLl! AxJI (J^Ldai! l T^aJ V. ‘<lf\ 

jjQ (j-<l\<Ml (_JA Aj V Cfi^)djalA (j_j£j ^^£3 cV j! ?^LajA^U O^JJA ^gd ^gic (Jjj-adl aLxjVI 

c^UUaj .<a^Jaa 4-d^ !a£a d! ja. ^g-lc (Dangling Bonds) <JAd _Lj! jj ^1 
d! jA Jlc AjjLaj^ dale, j-oa-o <Ljuj! jj dAdJ! Jaj|j^)3l (Cap off) <31 jL IaI I ciUL ^L&33 
^3 . d! qjAj <alx-Q <^_id-£a (J£-ujj >»” n ^. ) 1 g ^i^’i (J^^. (j^j^)£3l <d c <a\j jl ^i^j^Aj^J! 
I Ad d jxm j .AaIxa 4_d c4dL3! j t<djdA <d ^3c. (Jj^-ad! ^ad <1L^J! 

<jj>*i.V^,\l Ac! jS3l t(Fullerenes) dldjJ jill ^uiL <a j^xd! j tVqb a'I ^gdll <L3 Laj 


■ *d. jpg a 11 ^gdll i433a£ <l^_uiJ IaAjAaj ^j£aj <3dJI oAA ( jll\ 


Topology 3.4 

<£>L q S_jA (J£J (j! ^A (jdl^dL <g_nd <ali_A <id ^^3 ^jjLujV! L-illadd! <j! 

^1 ^jjA j* Ig wid ^gic (_£ jbM A^d lg <id]| cjWj dl jaII £a Jd 

^ja lx j La-o (JjLiaa (Jaaj Jaj^jd3! od (jj .4 A Via Jd 

dl^jd! Jajj^j LaAjc \ g qj'q Vi i. > vnj ^A\ Ajdl! Li^.^]^j^Ia]| £jJd .<j\<l All ^}j-a!jVl 

jJjWt ^j) 1 Vi^aj 6 da. jl jJjIall (JjlV'i AiCj .<ili_A 4_d <a\j <3 jgxxp L*_a sp 2- Jd jd 

<Idd]j .Jd^^}3! oAA (jo L! ^)jad ^a3 Id! LaII-L (Jdd <Aj-uia Jd_j^3! <djA j\ 

Li^,^]^lLa]l ^ja^.La jli ^Jajl j^)3l dliLaiAj -lajlj^)3! LI jj £jC- L_fl^)XJ A3 La ^jLid Lllic. 

. dl jilt £j±1 -LjI jl A J2k J ^aAC. jl A^^. j ^jc. Ja^3 ^jL 


<^.jVI AAxloll£ .yp 2 — Jajljjj <al*_A <d (_£ I jj^sqMI ^jl 

^Edge <sLi. ^ <LjI j J£j c Vertex ^ ® Llip. <. (Polyhedron) 

<^jVI AAxIa (J^Sx'Iill lAA ^jl Ja^jaill -<^j cJ^-d dl^)A ^ja <iixA 4 qW 

aac-j dl jdl aac-j 6<^. jVI a Ac. (jjj (Universal) <aLc <idLj <s!>lc c<jdj cbLj 

oAdjj (^b-A <^jl AAxIa Jajaijl ^a lAij j\ 1 Vi^aj t<3^>L*JI oAA ^glc .^aaII 

.Saja^. dl ja AiLdL LcLj <nJI ajAaj ^LilLj < (Tetrahedron) <^.jV I ^cL^)3l : jA j 

^1£ja (J£j d V ^j^J^)£3l dl^jA I^jA 1^)31 dlS^ll ^3 Ja^3 Ll^^l^J^Iallj (jjdg a Id! 

^A <^.jV! ^cLj jU tt^ilA .!a^ -Lajl^jjl! Lj!_) dLAjjd 4<^.jVI ^Lj 

V J^l j _>^l dlAAdol ^gdaL^)3! ^.Idll Ajjuikll <Ld 

E = ) d! diujj = 4 ) £jJj i^jp = 4 ) jl <?.jV! ^gcL_j3 .Iddd 


184 



j!i£! Aj^jI Cj|jJbt!i«G Jj<; xjM ^C*l-J j .Ij-Lgj 1-LI£-gLjj *F + V = E + 2 (jl 2a^2 .(6 

.oLj.il o«i^)l jll CIl^La]! (jja ^^3 1 .ijqa'i 


» 



1 / — N L k 


•AajVI ^Lj ^ (Euler’s Rule) jIjj S^c-li 3.4Jlu^l 
A_a3 (3.4 J<; juiSI (j-G L_ljla2l^ Aila-J A_a 3 JaJjJ Aiaj|^}]l AiLjata 

2ajl^)ll ciiiAjoill )a*s\l AiLjal cciil^ qa .(jLj.iJ.Ia. (jlLsla. j c.lj.la. A_ajj to.lJ.la. 

iF — > F + 1 -lal j (^Ljaj A-ajj ^ V+2 (jlLiSLjaj (jLi-G3 (Jj^jj (Jaxj jll^ ^lisLa (jjj 

.£ E + 3 A-iSLjaJ L_fil ja. lIl^Ij j 

/71 Jj c_alja. n J 1 g Lx*a jJj Aa.j]| c ^AVixi olj-ia. A_a 3 AiLjaL tl^ia.1 j 

ulp. 2n + m j to.ij.ia. Aa.jl n + m - 1 j to-ijia. ^ n + 1 (jj£L ((j-<^VI <• . ^ 

(j-G l^lj tA_a.jl -i-lLi-G (_$\ (jl lV^<Qj C1 jLAa*JI ol^J L-JBLLLg £.l^)a.j (J^yla. (j-GJ . O-ij-la. 

Ol^J A_a.jl -ilxIi-G (_^l (J-GAJ (jl 1 Vl^<Gj A_iI_J iLudfijl ^jij (jl (j^-GJ ^ (j£l J .Aa. J*> gr^J 
tA_2j (Jjj-ajll Ajjj (_£l]l Aa.jVl -i-i*2-G Jiill (j-G lljj I (jj^a U-J ^^3 JaliJalL ?Aijj^}]a]| 
olA lie. A_nJI j t^-oS <_£ jjoi J*?" (jl _j*VI AjI^J L 5 ^ J JjJI J (Jjl I^Ljj j 

^A_a. (jj^J U 1 ^ ■ ^>.) AJakjll 

tA_2Li]l C1 iI_iIax]| ^ja AjI^qC. (J£ l ^LgjA^LI I la. o_j±ia Aijiia, JaaV 


jLuolt 


J&ui jl\ 




y->y+i y-»y +2 

E — > E + 2 E — > E + 3 


y+ ^ + 2 

F^F + n + m-l 
E —> E + 2n + m 


.4^. 


a. J^\ ^c.\j_^)1 ^ IaLajj^ E + V = E+ 2 Ai&lxJl <^-*-a ^Ic* JaaL^j 


^-a dil jj ^CJJJ isp^ — Jajl JJ <L-a V (VOftex) A-al j^l 6'■l^ , ^ <Jajl j iaJJJ djULaxll ^ ^ 

LI JJ*J V La l^aljjjj J-il nc-l 4-2 w jl ^^x!La (J£joi (3-a*J 4_3jjjjJa tiiilj ^-a .ajjla-a CIl^L ^p^l 

• oLj! A^luLall ^C-Ijill j-a 
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JJbtlLa ojjjij (jl \ niAj '• (_£^)^.l AiLiSJ 4 j\aC> l^jl lj^3 tx^l J j 

i_A£J.l] (jjli]| (J jij * X) 1] ci-XA (JJg > J ^CaAJj ^ ^'l ^gic. Aj] (J^l^. (_JA I^JJji A^.jVI 

oIa .ia-uj j]l J l_isj ^-a (Donut-like) CjU jJ Jiil aJoxjj is n*i\ u_ijl jJI jjic. <jjdij 
*li£Uj .V — > V - s s j ‘E — » E - s sj lF —> F - 2 ls *^i Ai1ax]| 

(_JA S^)A Ji ^3 ^AJ$\ L_ulJI ^j-Q 2 ^ Ja t ». ^>J tF + V = E + 2 A$!)ljJl ^Jc. 
(Genus) .F + V = £ + 2 - 2G* &1 a IJ Jl! G Cil j-JI 

. 1 g ’\Ak^X\) ^j]l "dAjjJl" Jli^l L_ljj ji tA^.jVI -}-l*JA 

Ja .Jajljall JjAjil <_jia^)xj .oJ^^-a Li^j] jjjia c ^ qij liA Jj tl Un^s 

Cjlji t (Dangling Bonds) J-iiA Jajl jj (Jj^j cIIIxa Aakjl ^^*2 a Ja*j J 1 niAj 
: 0^jA2k S^c-la JI sp~ — AlajljJAll (j^J^jill dll_jl] ? sp 2 — AlajljlAH y^J^)i]| 

q±i AiJjaUA c_al^^JI 6 1 a (jA Ail^. Ji (j]j tig *ic. AiIiIa c_fll Aa£ Ji] AjI ^^A 

jj V iL^.j^^)a V (jjij (jl ^)J]I (J^ J S^C-lllI olA iUo'Vi 3v = 2 E » ^j,ua3 

Cllliii. ^ja ^jjSl^JI JaC- ^aJJ jVI . Clj Jill £a AilxA Aij^j^)i 

c > dll_jl ^ja Aai^. Ji l ^j| ^A ^)il Ja^oi ciilll cAjjaIAuj 

Ji] ^ 6 J A_1 ujIAuJ 4_^. jVI ^^*2 a] ^jj)i.Uxi .t s! Clbol l J (j^ij ^jl 

E = 3/2 V, F = ) QnDaAll (JjIa lilkjl Ills .2£" = 6/^ • (Jjg til^Louj AiL^. Ji ^jjj 
lllnj ojj .G = 1 J Jx^j iE+ V = E + 2-2 G :Uj^IS J (l/3 E = 112 V 

IdjljjJI Ajj tc_i5j a!j tA^.jVI ^^-ujIAuj c t njjjj A^_iJja) Alajlj ^j^j^ill 

.(4.4 Ji^ll) ^ C—UjljV ‘JIHa AjJij l£ t>‘ u*nl ^A olAj 


1 g 1 cIaLaj A a iq’ViA Aj^jLill L_njljVI jjLj AlAj (JjV ^IsiIaII j^kixM 

L_lijljl .1^.jJ V t JUJI <*-ulaJ 4 A_ia jJI IjjLi^. ^ j£J j tAiJaS A_JLia]I o3a .Ajlgiylll lic- 
6^Ajo3LuiJ Ig A)Vl ( - 5^ C * ^ Vilij £$ ^-^.^)a]| C y* ^ La£^ V (J^ 3 <— -l!3 Aj^jlj 

jj) ^(Dangling Bonds) aJ.£-g Jajl jj (jjj£j uj j l>° 4jj^ s-ujUVI &3a 13] 

t 4y u> jj^ ViIj3j jl A_ijA*_A cijL<ujai^j A_iia*3j 3^^ Jj^J»3l &3 a (_£.iV 

(j^Aj c \ f\ <jl 6 u VI j Urtlj .a.^. j"i^ll ^_nJI La^jc. iil33 ^JJ 3^*1 u*ij 

cjSlj tdlLJall ^^2 >Ij ^.y 2 Jajl ^jj £a iA^. jVI A<iU a A_nj (jjl V 

.?(G = 0) 

Laa a^.j 3^3 £y* u^ ^*^ c ’ ls^” j iVi (jl A_m]l aj V 

J^C. (j^ijqVi IVi^aJj .^Alll A^jVI ^^jujI-Iuj L_li£^)j]lj aILaIaII lj2^Uajl A LaVi ^2 (JLVI ^A 

t JULaII J Lifui ^Ic.) z < 6 ( 7 -go |]S ) AjtLja JjJa LoVuil i Aj^. j . al ^_11 

i—lsj ^gjll (z.gones) ssc- jA Laa .(Squares CiUjj^II jl (Pentagons) Aa.jVI ilAjjJ-ai. 
Aj jS.all A fll* .all A_mlS /jl ?G = 0 £-a (jii-all A^jLSI A-lxLa ^1S .'Ml ^ V- (J -L 1 1 jlal , >.1 

.. .. 6N + zM 

j i Asia. j lAa. j IV + M IgA i(Z.gOnes) Mj CJZ-J tJ jailSjai N (j-a 


(jic. Jj-aaJ iF + V = E + 2 - 2 G : ( _ 5 s .(Vertices) jj^ 


6N + zM 


JJC- Aj^jVl ClllijailSjjJ V SS*J1 jjjSjj .(6 — Z)M = 12(1 - G) • ls^ lajjaull 

7jl ^ ^ j C-la^ill Aja^jV 1 djlu^lAuj (jjSj ^ol^ll G = 0 1 U^-9 tAAj^a 

.slll*jj-0 6 £-0 JlaJI ji> LaS t(z = 5 iM = 12) (^sSj A_a.jl tJ jaiLia. jjlc. ^^jjl jjjj .12 
. jjli-a ^Jajoi J) IgJjaljj sp" oSA (Z.gOltes) — SI j>a (JjjjAISI ls ^J 

dilxljaA SI oSA i ' 'f'J' L a ;S j tAxjiSail ojliaj ^jsSI (z-gOlts) SSC. La 4(jVlj 

aS wti ^a yZ\\ Li il yj\\ LI 0 j ^S ClU jLuSI jjl , >>V1 CllLi^l '; . jjJJ 

c_al^)ajl j . >2 LI , >>V I ^ . -'I Ai 4 L ^ //II lLIAjjoliSL Aj^jlLa ^)jLI (jjj^i jj ^£s 4_u^l ' . 
.(Quadratic in the Distortion) Aj^LuSI Ajxjjjj SjjjaS AsllaSI AilSj QjSj tjjljjSI <jf. 

c> Clll^A ^>^1 A qK‘i ^j^aII 6^!>LiJaVI ^^^-IaoLa^. j)A (jjjjlj Aj^jILq 

.^-^LiJaVI ^.ujLa^. Ajcidall 111 .Lu^j VjI^j^II c. <a *..r-i*i 3 jjaI 

(jjj^)HI (jl . CllLlujI AjoiII (jj^la (jc» (J-usa^jj jl ,WYl CllLiujl a ^11 Clljl^ 1 31 La aJjLaa 

AjjI j ^^2 ^gjL2^A]l ojj>3j]I i. \x a«o o.l Via \ l CIjLlujLaVII j)A jjJj£^LuilA]| 
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CIjLiauLg^JI j ‘iVij .Al^aii^!! CIjLiauLg^JI ^^3 

t al x x>il A*j 3 AaKj 1 g j\c. t ^jjjjaiL«^, Clil^p ^j-o cl) -0 u^l 

A-qVI 4_L^Ia CIjIa jjxxnli . A L^Via lIjLiaijLa^. A x n)^ll (JjJoSj ciil.3]^ . 

.'^^ju»L A^. jJoC- ^j£AJ LuijI Vi A IxjjjJ 

A^jVl o JA xILq A_iij Jl (j«Vnqj (jl <jA ^ ^j\j U^ A3p 

Ljj^-ajj .L_i^jl JS AjI^J Aic. l oj-uilia 3£juj ^3 cIjIjjujLa^. AlLai (J^L^, ^>-q 

(Jjj-ajJj t ClA-lujj -Laill ^.Ic. Ja^3 j) W 1 AjV <> ^3^ 3-iajl 

.^V Cll3j ^ A_il] ^jxIuj cC6Q *l£ 3?^ C3^ (J-^33 C5^ U i\3g ' ^ 


Curvature 


qmJ&I] 4.4 


0-a liK (J^5 Lg ^jq'nuA ^ja Aj j^a\ 1 to^lc-l IaLiiIj t> . \)}^-^\ ^j-ia j3 

^3 A^.j^aa CIjLiujLa^, Aj-uj (_ja \ g \a (J£ ^jjJjjouls ^gJl AiL-saV^ c^LjaVl djLud .Iuj 

^j^-gj j LliJalj^j ^jj^iaAaII ^jJC- ^ill t AjjujI .Iuj A3 ^ix-a-G 

Jajai JIa ^^Ic. L_J^j^U ^i! jJ-imVl C—fljjVill L$ J^.) • A^-iij-a ^Ic- l_A^-»Ja^)3 

A3^j ^1 A ^Ic. (3 } (_£^1 i^yi 0 -0 ^^ill . (^^3311 

(_^uj33ll ^3 A IVq'n A±ujl ^Ax^a^ CLal-Lujl^G^kll ^ja ( — a^)j.^o"n . JjjiLai jl .liC-l^j 

^JA (_£3]l Aj^joliII ^^3 iS^ 3^^ A^JIg x x) ^ ^_9 j^ . 

A qK'i ^jLja^aj (jA ^jl .A ~\hxuA A 33^ 3 ,S|Jt >J (jl AjLuj 

S^o jjI-s^qB CjI jill p z CjI jIaaII (Overlap) c_i^l jjII i l^iV tAiUalL 


Energetics 


jLjSU all 5.4 


lijC-J iAslx-all sp 2 ~ iaj|_j!i]l AjllA Ajm.Vig \\ lIjLALiIaII 1 nine. (j\ ^*-Jj ^jVI 

^j^Iujj . l** iKjljTi e_Li£j tliLol jj-aiiU tillj j Aallk-Gll ^_nl3 Aju*n\l djlSUall 


^liuill (jl C" Ajj^oll (_]j-aljj Aa-nj ^Ja£ix» ) J-->\ n Jajlj^jll lIiIAjj^jlSI o^A ^ 

AflUa 

^ U * A Alaaj ^C- ^jj^Lall ttiVl (Jj^ 3 ^3^ 3®^ ** ' <a> -^ > ‘ 1 131 ^ 

(jl i ^)la3 L-JjVq^l ^gjLmj.^11 Joj^jIaII jA A 3->Vl\l g3a Aic- Joj-ujIa 

3^ *> (j)\ ^-^9 . (Jj3a ^__)jj^aj]l ^^jLb-aj l_ij)Vq a! In > > i^1a11 jA (GaUSiail) 

^gi tl^)ix-a Ajl j)InmV ^^-uojlail (jjjjalll j£Lj 131 a\ 1 aLaJ^l (J jb jA Ajl ^Ja-uil aj3j 

jA jaill Joj-ojIa {jl 
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Adsldo 3iC d_3j sp 2 C‘ iKxh'i I^L<J 4(j-sa jj-adll A^,j 

Adi j3"u>2^1 ^dllj C6o 51 JIg e^^ll AduJ ^^d jjdj jjjdill ^3 ^>]zd S^uj 

.Ad ^J^£5I Aj^jLill L-lfjliVI L&-° A3 j3_j5I j AL^iall 

c(Fullerene) (jjjJ jail L_ii£jjl ^Lu^ad jj£l Id^aj ^3idj Ala.V J jj^a 
4_^.j3 (dll 3j Ailii£]l Adaidi-G Adj ^3 ^dla (j^J^^ll dalcj-G^-G (jl c_a^)xj (jl 3 jV Idfcj 
(Dimers) dal^Gd jl Adl^al dalj3 Lg^gc (j^j^£ll jkj j .a_21c SjIj^. 

£-Jjdj ^gJc. 3C LoiJ (JcUlLg JJC J (Buffer) 3L^a jlc Jajoi J UJlc J 4 A_LgU]I A_idll 33d 

JIg A Jafa^G (jj£j (j^ (j5^»Vl (j-G C5^ t> . ^dla . (_£_jl^aJI (jjl J-^l 

^3 LgLg1i _j* J (Jddll Ajjj£]l dAd jJ jfl5l (jl (jj^. ^3 4 ^)ja x^lll ^ 5 j3*_dl ^aJjaiaJl 

.^jlxJI jjlail 


^i£l 1 g \ a (_$l ^Ac cjjJall JajLdl A ^dl 4 n da II djlaUa]! ^I.^VunI \j3_jl IAI 
(jjljjll (j-G Lia^)3 ^Uaill lg_3 j^fLa dji-ixdaj ^Ic. ^jj^adj c_Ajjj 3 4L_li£^)j]l (J^ld ^Lidad 
(jd^dl ^dll (jlAd (J-old < sLoi^JjojV ^ISII dlS^ll j^5La Ja33 idfcj . (_£^)l^aJl 

. ^Udll 3 ^>jj Lg3jc ^j 3VI AaUall da! 3 AdJI £.ladl 3 j3xj ^jj $lg_ilj (J jll 


(_£ I (JLi^. (jjj3a. (jj£j (jl Idle 4A_ajl^aJI Idi-Gld3]l ^3 ldl3 (JlaJI jA Lg£ 

1 g \a (_^lj 4Ajjlj!i-G ^Jj-aLil A_ali£JI A_iS Lgj Axj^jjoj ^\,)n all ^3 Aj^aJI dal_^.^)3 (j-a A^.^)3 
AxjoiIj A Clal^LjaS jl o^iiS (Jj» 4) j^.1^^. (jj^la jjC- ojlc.^ Ajli^jl Aj3 Laj Clalialjj 


AaLo^II (Jjl3^JI ^ic. a1a1^-a]I Cla!>Li£jdi]l (Jjj>-a^]| (j-o ^Ualll ^1 a! ^ cdldu^Jjoi^U 


ccdlidi .AjBlU (Transient) o^jlc« Ajjj ^3 J \ ^ 4r-j Mii ojic' daLla^il^ill ^-dla .AAiJ^^liil 
Aj^jI^^, (jl Ajj^JI ClaL^.^)3 jliillj A ^I^ji] Li^ l^j 

(jjll dil jill .Lia ajjx^a CjIcj^o ^ jJajll ^ (jjj^a-a jjaja t(Thermalized) 

. AiLol^JjajV I I i .V-*Q (^Jsl I ^ <.^\ 


(jc. JSj ^jII iillj) (jjjj^ll dal j3 (j-Q (Clusters) Aj3j3Ix 1I dalx.j^^^'l ji-k-al (jl 
(J£dj l^jli fciillj (j-o .(j^LLyi ^5-lc. sp 2 Jajl jj (J£dj V (A^= 20 Sji (jj^>2jc. 

A^_xi L_fll^^JI (j^j£j c." aj^ c ^)i_»-a]l AjALiLq ^j^^kll (j-o AlUJI o3A (Jj-g ^3 .AuJad (Jjol^-uj 


^lill^ ALudLaj J^d l^_l (_^ 31^.1 3 xj ^3 (Jdl3 — ^Jl — A3\_^ Aj-uij ^^3 (j-a3Lii]l (jl3 4 1 3^ 

2_xs .(jdl^^JI AduJ 3 LxjV! (_^d (jja ^ (jdda jjx-gII (jdal^i]! ^3 dalj3 tiaL^. Ja33 IgJ 

AjI^j ^3 (_^3l_^.VI 3*JI dal 3 (Jjuj^LuJI ^u^"i c Aj 3 Ac. jx>-n^ ^3 idl jill 33c 3l_a3jl 
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(jli Jllillj Ail^JI Jjj 4 -MJi] c_LJI£j J l-a cAlaJa c_al 1^11 

^I.^VunI djl dalj ^Jill l)» V i ttiilj . dalil^. ^3 (Ja^jj (Jjuj^Luill 

.Aj^pll dAjj^ll L_3xdal ^Lkld AjJtvII Aj \ \W J ^ C(Jlx9 yt- (_£j]| (_£jjll 

eV Jl A_ildl.l]l S_Jil _laj| jll AsUa (j^£j jJjall iajl jll dalj (j^J^)£JI aLoiLuj ^9 

JS1 7.5 eV Jl ja. c^)j£l ^A sp 2 AajIjj A^Jajoi^ A J -Lajl jll AflUa .6 

^3 Aj\A| J Jajl jll dalSLla Idu ; AjjJ'ic. Ac. jx>~nx> ^9 dll Jill jLpJ £-g . 

djl dll j (Jjoj^Lui ^j-o ^Uaill (Jiiiiaj ;A_iaAI Jsl AiUJI \j^p ^ uda j cAduJI 

.^ — ^ sp 2 -lajl J £-o jIxjV! Adljj Jld-a JJ sp _Lajl jj £-a (_£jl^.VI 


Lode ?d^)£ (Jj-g Ailx-o jl $.lc.j (J^-° A^.jiii-o sp 2 -lajl jll dalj Ji_9j-all aAA (Ja 

s # % 

o^)j A3Un]l L_bailjjj tLaLd A^Jojoia A ^i.ViA ^jc \ ,\)» a sp 2 Jajl J dlli A^_id-a ^ Wi 

. Ja3 ^ ^-da ^A /? d il/R 2 £-<a Lpja 

Jdda Jill^ tcdajj N (J* ^ (jdl^jJI L)^ Ajl9J ^JaII .\x,\W (.j-al^A L_bajLlL 

g.1 W a VI A3Ua l_Jjuj\jjj I^Aj t - \j TV £-o Lpja ^A_iii_A A_iij ^3 ^jjjJill Ja3 C JdLo 

jl.iJj .djl J1I ^jC Alij-uiA »1 W ‘a VI AiiUa AC-^a^-o i\/N 

A^jq^ Ail^Ji (Energy penalty) AiUall jy^ 

Uj^j A^ix-oll A_nJI AiUnll AqK“i Clijl£ I il • yj N A^.j'iq^ll 

iS^J ‘ V N ^ aJjIaII Jajl Jjll A^Uall A_al£j ^jli ;AHjIj 

. ^Jal Aal_la 4 q\* j\W A_mil S >u^ll AjJ^iixll dale. ^ 

Sp 2 iajl y dal 3 Ailx-o A_nj (J^] ^jli tl-i^. (^LdAll C5^ Id^-daj La£ 

LS ±^\ ^ ^ a^?.!)Lq ji£V! ,^-nll uj^j (Pentagons) li^Ld. y!k^ ^1 


AiUa£ 41 xjVI AjjLlj Ailda ^jLda (_^4l^l 4su dlli Aili-a (JlSijVI (jl C-Ij^afiVI y ^ ^ 

^)Ja3 c. ^jJalidjl ( j-a Ldj ^jjjjaHll AsUa JaLa^jl (jl 4 jVl > >n ^3 AjjI^x 4_ldlj Jajl 

.(^Jj^xj ^ yj N ~ R JJ >^lj ^ N ~ R (j*) (jjjjajll 

iR o^jLujV (_>ul **1^ ALal^ll dlljj^idiyi A^Ual tdxdl ^JlSI ^1/R (jJj 1/R^ l^dl ^ 

J 7t jdll (J^-laj 7t daVl^. J G <— i ^Jl (j^jaill l)^-^ *(1/R 2 ^ L-Jj) 1/P- <- . a * »l nj JldUj 

CjlJajJaVI <jl I -ftJj .1/R i t n>il \ *>>jl jAj Jlalljj tR e^ldV 1 *^>jl ^1 >>i-> ^jj'NgMI I^A .(J daVI-^. 

AjJajJaA Ajjjd^J Aj^.^a All4 ya ^.l^^l Adl^j 43 jSU^xa ^)ks\’\C. 4l Ijll l C_L3^)C. ^al Aial^ll AiUall 

.1/R“ ^-a 1 Util T\a AflUall ^^3 JJ 1/R I (jUjVI Jdalatll <_£3 j J lil .AjJajJa^ 
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(_^l J ^ nVn J 4(_£ jLoiillj IjjojLa^. ^lolC- 

.(5.4 (J^xxili j 1 Ag k^-xx \ £a 



.C60 5.4 jsLill 

jill c <aj\ jj! o^jIc. Alu ^j_jl jjll <jl Lojj t till j AiLiaVlj 

Jvlxliujl (_5-1 c- Sjiall ^JjSLl (jl^ J (jli 4 0 jja ^ A-ilc. (J ^j^AJ 

jUj^. 1 lg_Jj (Jjj- 3 ^ 4 1 ^)l jiaU A_mll ajjI^^JI 

»C6o A_mll fi -^J » (J^axill 1 g ks~ix \ qC. aJj^)*_a CIjLijujLa^. ^Ic. JaSL^j A_iij ^x x^-a\ 

4tc.jJjal ^jl!ill jJ jill A1j^)*A CIjLlujLa^. Ix^ljl Al ^ll! ^Jllill _J* KS^j\ ^}AJ^)jVI 

(Hexagons) ciA^I-Lai ^ja ^LJal £-a C 6 o o-® (j^ j^'^ (j-® C 70 uj^ *£70 j^j 

4Aj^jlill L-lijli^l (Jja 4£jujjI (jUaj ^Ic. A_ij^j^)£ A^. jl dll i-lxliAl ^jli 4A_ilc . j .La^-Iij 

J 4 Lg lx^ajl (J£joJI dili Aa^Lwtli ciAd jjJjill jl 4 (Nanocones) Aj^UII j 

a vVia'I ^giJI ^4 jjI (jli JUIIj 4Ai£oJ! cil>Li£jaall Ail£ c_al ^j!>UI diS jll ^Uaill 

.(Kinetics) dil^jaJlj (Energetics) diLjSUall <ja K-^. 1 ^ 


Kinetics CjLS jaJt 6.4 

^gj sp 2 ~ Jajl jj! o^u^ AiL^JI dil_jj jl/j ^jjjjilll ciil_jj ^uA'i 

.(Planar) ^jIulaII dnal^JI ^ja l±ij£j ciilaLL l_jjj£j j 4 A_iaaI JSI j JSI 
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a \*\aa\\ dll AilS L-flLuoSjjoiV ds^ll ^ja ^ qSj Lo ^.iSl .i^.jj V j 

Ado IdSl Jj^JI qa Aj^xII jiajlj obdiVl Aj^3 AaaALouII AJajl^)ll (jlj LaJjoiV 6 LaJ^}^. 

(. y^. ^^3 jj!l ^*^ C ’ t ^1 ^S'dl ^ 'aaM ^li]| tdljS^)^JI ^Ix-aJ j .^-Lajaill AiUa ^^3 o^)£1uia]I 

ISxoljj^]! dLSj^il aIaj^JI o^a ^lajojjj .AaaaI ^pSl tAjS^^I O -0 Jaia ^iujj 

. ^iaS ^uLiLa dli ^j-o A_iac. Ac._^Ha A£. jxi^^a (jjjSliJ Aj^jl^iJl 

jjjjSlI Lr b (Nucleate) AL^aLJI Ajj^^JI dlJV' JIjjV 

dli Ailald A£.^)joij ^aa!I A_i1aC. <^1] AjJa-alc. j-dj Aj^jLill 

l^jji ^_pa^)ij JjJjSll sp 2 ~ -lajljJ A fcti.V^ jli uilli £-g .Ia^iiaj ^ \x ks-i) A_illc. AsUa 
A_iij s-Ldl (j] * dVlAWVl l <j'u/i‘i ^glc. Idc-Luia A m ^ A_i^. 


^ *(Small seed structure) S j j* . ^ A_ajA AjjI! yS yJfc *jJ j dli A-djJ ji 

(j^j_jS!l dil^p ^Jc. cl-^Sujj c5^ A_mll ^3^ ^ ^d!l Aalalxi S_jd!l oSfc 

oSfc j . ^l^-ill A_mll cJSjJu ^ic. Lj3 I^jjIj j-ajll AalaLo A <ui.Vig 1 (jj .A_mll jaj JvlS. 
dl > Uo.V l i& t A_1 ojI .do dlii^. AiLjaj qa L_l]L*JI ^3 £jujI ^11 ^jjjl_iL<dl ^Ic. ^^dll 


dtkLJ! cjj^j (Well-thermalized) (jSd aW^a (JjSj a Ad jaj a'A’^ ^ aIAJI 

• sp 2 ~ -lajl^jj ClA ql’t \ A \*\aa AaUa ^\ A_1 ujI ^joill 
Jc. IjIajc -1 ttillij coj^JI J)jjA'il A_iuj^iA CIjVIAWI A_ui a^. jIjjc .1 L lA 1 uSajj 



.Jajja-All 6.4 JSuJI 


c. \i>sy\ i^ja (Jil Ajola^ ^\\ ^ja CIjLixuLa^JI da !i o^dll (J^Sj 

Ida-oj U. j£&a LLaj^do (JSjojJ lSI^J ‘ ^^jujjL^JI 

dL^.^jj £-g (sp^~ -^^3^ dlij oIa -Laj^jLdo c ** \* u^> Si! .(6.4 (JSs!!^ 

(jl j! j . dLiujLd A_uixd dklj ^joiLd ^j-o (Acuteness) SdJI 
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,V’ix>j A^. AiLa. cJ^a (jl^ cA_iAl_i]l AiLaJI J! CllSjjJal ^^LiJal CIjIjjujI Jjoj 

t jIjAaV^ (jc. c_a3 jjj V Asl^-ll <jl IaJj 31 ^^3 C1 j 1^)A]| AAxl 

^aJ L_flj^)Ja ^Ic. Jalq*\\l ^^3 1 ksi l— aU-i3l AjlgA C5^ _J-aVI ^ K*aj <jl £3j!i]l (j^AJ 13 

. aIa£Ij 3aj^31 I A& 


^^3 ^^A A_ml ^-^IjJaVl AjauIa^. A q\*\ L QuAij (jl o^aJ Ja l.^g 1 ^j£aj 

^-ujjL^JI ^Jj-aJ 4 3^1 jl CIjLlujIa^, AxJaj ^Uaill IaAIc-j .A_1uj1Ajuj L-lllxll 

(jjjjoiA Jaj^i^A £ jUJl ^gJI AAaj Jaj^i»A ^ja S^)3II A_nj .\\» Vi\ AjIA£J1 A. a3 Laj Ijj3 

% 

qa/S\\\ t ciaLiujI A juJI AiLjalj A_nJl jaaj IaJuc. j .(7.4 J^l) (3331 ^1 (Tapering) 
^jjl 4 _c-^a^-a Ia ^£1^ IaAIc. ^ic. L- fll)a31 AjlgJ ^^3 ^\at nj A^.jpq31 AiLaJl 

lIjLiujIa'nII ^3 (^JjJaSJ AjlV‘31 iajl j^lj Jajl_j31 Ij1j3 (3^31 (Jc-Llill <jj . LlujIa^, 

.A_i3l£ S^iio-a A^As ^jjj£3 Li^jjAj Ail_31 (J^.Vuaj IaAjc. iAjLiaj! Aj31 
(j* £- jill Iaa ,V^jj Ija .(Lumpy) ^A£Aaj 13xa IAjj3j 3 LL3 A_mll (J^joA t A *3531 
. ^aaII (J!>Lk A-IujIa^. Alia. & Laj! ^3 LijJa^jC. ^ajoiJ j^)Ja ^3 A_mll 
?Ljuj1a < \ ^auC. _jl AjaoII jl cIaIaj ^)Sa 31 dll A ^jjdll ^gAj JAx-aJ 131 a 

^iC. ^aj Allad ^L^jI^)aJau 1 ^Ic. ia3Ld Iaj 3 ^<31 ^ic. S^p31 1 ^j 3 • AA^aid ^dll dAAj 

^ q3a i<a\ L)^ 5 ^ 1 1" n*\ Ja^3 A^.lj Axj ^^3 AjAaj 3a^3 (J^L^. ^ja cS^iitliA 

(J£au ^ic. A3 ^1 a 4_a-iL-a CALlujl-Ak ^)L-a Clj|j o^)A^]lj . Clulj (Jalij^.VI 

A^-iL-a CALijujIa^. ^)ix^a] ^)ljA.ll j ^j43^ia]l ^3 ^jj!l^.jjiA ^a ^3^ 

AIaj (jl A-ijl j3a*til ^jjAj 1 ^j£ajj .(Aiajjaij (Flake) d^jjaS 3^ * a) 

A^jaLo AiU. JaliaJl ( xa ^JjjsLaJI Clilil^. AiLiJaLj lA^)^a-A aIAIa! 

. dulj 



. A3,fu *14 7.4 
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r£ 



.S-i^lj AjL^J i_jjjj 1 8.4 Ji-utll 

AllLlujlAxtJ AiLiJaLjj c. <^.-1*1 CIjLijojLa^. AlluJ j^i Ajj^ll fi jA^l (J^joiJ 

4 Q ^ j 4 1 ^ j l-i 4 ^1 j li m l i*i\ <1 . *1 u ^ 4 ^ 1 «v 1 1 j» i ^ m ajAill &Ag_l 4i j *^Q z\\ l 4 ^ 1 -1. 1 1 

^Ijj AjliA] L_lxj^all j*a ^ u*-ij t /in 11 ^^9 j]-itt)Vl AAAiJI 1 a& c.l.lijl A j^xnj .^8.4 

JXoAj j ajjolllall £JjujjJ AiLa) j-G (AUa jV tAjJ^^ll C QjuVl SjjuuiaJl ^9 oAjA^, AALiiujI Ax*J 
CIjLiujI J jaill cAfc (j-o (_$\ c^gjl jJ-ittiVl AA-olll a jt*i il^ll ^>la3 j 4J (JjALWiJI 

JaiuJall (Jdial ^llll-Jj t jjjJ-iall ^J1 (jjdjlVill Ajajl ^Al jJ-uti^l A Will oLWjLj o j-Ng.ll 

jl A^. Jl W o A^.1 j AiL^, CIjLlujLa^. AjjoiJI j ^Ax-aJl Alii A i j j A aJI o AgJ jj . ^ aV 1 A^Jl 

* 

jl^ AWAx-o Ajjjli Alai AU^iy jj^Ja jc- jaal jl t_fllj^Jl oAgJ j£-aj t jAi^jla-G 
J^laLW jj£l jl (JAi^j t jjlJLiJl llil£ • 3^*11 A-^. jALg cAljJJ (j t-alj ( jAx-all Aij^)£ 

. j-g_i] 1 jJaLW oAA (Jc-UdJI o AjAudll t alj^Jl 

i <>fc^ii ^jjjjjauis ( x-o ji* -0 jjjj]j3 ls"&^ jWc. ^iiVl Alii A ojA^Jl U 

Ajl_g_iJ A_jLuW cJ^Wj 1 fl jtWn jl A_mJl 1 a& jLuj j-a .^9.4 cJ^ xtill j L*_a j jix - q~n -a jjjjj^S 

aAA Alul£ jj ^cWaljll Axj O^J . AALiujLa^. AlWo j.o SjAiJ ^^1* ^ ^ ^■^‘i 

^aJJ ^ ~3 4 3 J ^ C ’ CS - ^ 3I Ailxjj jl i dll j 33^ (3-° j)<ftVu*i L^hyi 

A^_jlJu!W A^.1^11 AxJl cAjIa ^j-iJl '\lVi ^ill A_Luj Ai^Jl A_1 ujLujV 1 CllLilVI (jli ttillj .cillj 
jlxj^l (_5 aL^.I ^il j)-u>*il (J£-uj ^ic- ,VWi ^jl jjAiJl oA^J ^j£-gjj . dj^yliill WjVI-^-JI gAA ^^3 
AiU. ^jl Laj . WjI jaJI AAc. aIjA jl j^Lk jAijlj (J£jA J CS - ^" A q]-iW JasLWj A* n^k 

jjjia cJ^jAu j-aJJ jl j^AJ A_nj Ia^Aj tAlijlj j-«ull tig KAi^i hfriVi 3-^1 


. jjJ^^Jl (_£ 4^3^ S- 3 AiiLIa jl^A^H 1/R 2 ^jjjjAIJI AslJa j^jg'l 

jUa3^1 Alii A Ajjjllll L_lijljVl ^ ^^«q 11 jUa^Vl ^ IjjA Allljj3Uall L_lxJjj 

. jIjaWjVI ^ LJaliaJl 0.7 nm Jlj^ j-® 3 *^' 




Other rings 


1 £AU* 7.4 


. ^JaL^VIj 4_mll (JmI ^Jbt3 ^-ujLa^JI (J^/Iili ^)3jJ 

.l$JliS] AjjjUJI A-mlt (Heptagons) ^^c-lfuJI J^jUI q & c - 

lc.jjjuj (Jal Ajc-LiuJI jli SjIc- (JjJaa-o 4_m] .ijAaj (jl 

.A_ 1 aAI ^)j£l AjlVl^ll AiLLa (jj£j (.“ n*\ <slj£]l ^ai^-Lo (jj\Vl\l 





d 6 T*> i y 

& 9& 9 <9 OTj® AT r%~^ 

Jf * J> v y a o^°a ° °V~ 


, 1 >(J 


.AlyflJ# 10.4 

J£Ju j-q ^c.l±ui (J^juo (Pairing) 4-^. jl J>aj j^'l iiLaJI jjuj ^ nVi 

Jajl 4_nj ^Jj 4 jjujI Auill (JI^joiV 1 (j-o ^*^ c ' *^C. JUJI ^A La£ j . ^^-ujLa^. 

jLuiLa AiLial 1 V^x>j lF + V = E + 2 — 2G iS^c-talU (_£)LkVI cjj*^ 4-^*-* s/? 2 

.a!)Lc.l S^UHj (jl (jj^J .^^CjLloiIa^JI j CIjLaC' IjjoiII j^a 
(Jj-saS .lie. IAjC-Liujj AjjujLa^. (JI£jujI q±i Clsl_^.jl j^all o^A (J!Lq Cllla^.^] ^3 j 

C_J J±l\ ^)^a-xa j|j!Lol ^glc. ^jujIJjuJI (J^judll (J^}Lk (j-Q A-iC-l^uJI j *LUjj\ /a'S 11 (Jl£jo)VI 

cJ^ill Jljc.^ Li^jjJj 4x.Loijl J (^^jujLa^JI J^lll Xl£-^ iJjULiiui! <klal<a Jlic. ^jjU 


t > ^ w .'1 \ i ^ ^ *(*. 1 ^ , i<\i ^ \ A-A-uJ^ljcli C * j \ * >' ^p*Q ^ 


0 ) 
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V 1 g ) ^A (_J-Q ^C.ljjud]l (J^jalll L_j^)lijj Lo-liC-j . ( ( ^ > ^£^ljjui]| 

.(10.4 ^^.ILq ^,Wlj .13 Aj^l L_J ^>ia3 


Surfaces 


^^Ji\ 8.4 


(_j-o a^.lj Alila (JaxJ^ 71 J G Jajl^jjll Aslia CS - ^ U^ AjIxI ^ 

is* C$ J**VI cij^ 6*^-1 jJI <jl (JjJaSJ .13 o ^jjs! ^>^- 11 Cliliila ^j£i j . q j3I _^J1 

I AlxJ ^)SIjjj jl 4 41 1 g x>ix J (jjSl ^>^JI C > 1, W"i .13 j l L_ Qj^al jjj J (J^J ClliSl 

o^jja ks-i oIa ^Ja-uill AijUa ^jj .AijL^-o AfiLIa Aal^J lg_^Jaxd AjJa^)x-a \W 1 g ks-tx ) JjC, 

.6^1^11 ^Jajuj^U A a£ a ^iix-aj 1 g \^\ j 4 1.1^. 

^3 c o.Ij.1^. Aj^^^. CIiI^Lola ^lial Ajli^ll A_iS Laj A-<i£-g ljl_i^.l ^ia-uill AsUa 

Alila Jjj^iI Sp ~ Jajl^jj ^lajoi ^^Ic. ellt^p Aj 3 (Jjj-aliL Cll3_j]| 

^ . . . 2 

<Lq^V (j-Q ^iluj jkxi ^jjjiila (jjj L_l.il -^Ml (Jc.lij 1/R ^)jj^3j AsUa <_jia^)i*jj 

.S^j£-a 4 j\Alj A ~\ )kk^-i ^a ^jjia^lu lg_x_iJajj aLgj£^ ^jjC. A_i^.^)Lk Sp — -lajl^jj AjlS^j ^ Wl 

c (jl .(1 1.4 (J^joiII) A^jJalj A_i^.^)Lk Aiila cAjli£ll A_i3 Laj /? J (J£jujJJ 111 

^<u]| Jjjasj x> jli tillU tln^. (Crossover) ^las 

dll^p ^jAx-a-ol Aa^^L^JI Aiilall ClbJa^)*j 131 tAdSLjal A_i^^Lk dili±la (J^j-aL 
^jjSl^^JI ^Jaxjj ^ ic. (J^joijj ^jl AjjuIj ^-gjojj (. ^ n^jj L_fl J^)la *^ c ' 

aJj-^j djlijjJ j3 j cJJjLLq A^^jlj L>° 



.^jJjl^ jJ SA9^ 11.4 d$saA\ 
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^ k- 1< a L-i jjjI 12.4 JjLuJI 

jlJ Ajoij CjLujoi^j l_iijIjVI Catalyze jj^Vi ^j^-gj 

(J^jaijj ^3 <jl ^j-G ^gic.) ClltilLa ^j-G 1 g » ‘l^ ^aJJ ^aJ . A^jpg^all 

L-Jtxll ^A liA 4'm^ll L-iijliVl j (_j-a V J ; ^ ^ ^JJC- (j-a Aiilla 

tLuiaxJ 1 ^ ■ >*» j - ^ i ^ ; a iLa^-o 1 j <■ . '» b --_kj'' 4ilLL) ^ajj fcaBL ,*_aa c .<illa]l AjjL^.1 
J£cij c_iij2j (Constituent tubes) c-nAjl ^ ^ i aLu-aj j 

.2^j^Ji jjs-a J) t( Transverse) 4-^jxl^j (J^-BI Aiiilo (Lattice) 

. 4_p^)3 C > n AjV ^JaLoll (j^ ^Jauill AiUal (_j^-gj j 

4_LLi1a]I 4_^. jVi l-jll y\W <_j-g oAlijjaLA -lajl^)juj ^^3 ^Ja-u£jj a^jj J^SI ^LLaS^i djll 

A-ilkl-llI A^.j^\ ^j±l C-jj\ VlH (j-G AiUall ^3 L_bai£Jl UjAjJJj .(12.4 

Cl2)Li«a21 (J£joi A3Ua ^3 4qKMl J.W'Vij ^}laS £-g Lp^la t<Lli!iA]| 

aJL^JI ^Jajjjjj .L_j^iiVl (jc. LujLoiI (Jq uj.ixi 11 a j S-laj^jui]! j!j!Lg1 ^^Ac. 

^3 <al^_i]| ^jj LaJj . OaJ^jjoj 4_i3 Lgj £_ujI j\\ (_£ 1 l_3^jjV I A3lia] 

AjjUa ^3 L_lx*^]l ^j\ Aj^)^3 jj! ^JaLal! Ajjjoi j A3Ua 

4-i^.lill -(Collapse) . 1 ^ ^JajoJI 

(Jjjx-g »>» ^iiLaliJ J ^>1^3 CIjII L_lijljl ^UajojJ t Aj^j^.gII 

(jj£j lKA?j JSjLi (Uniaxial compression) 

Lg^c. aJc. (jj^j (-a-* ^Jsuaij Lg^c. IjI^IujI ( ~ 1 nm ^4=^) 

. j42 

Holes (G *0) (G * 0) <+j&\ 9.4 

(jl >. . i>,i G > 1 — j AaIj (jl iF + V = E + 2 + 2G (J^J^J 

^jl i-AJj .(13.4 4 _L)ojL<lL1I 4_i^uJIj <jc.l_jjaill (JISjoiVI l^J 
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Jaj| djUUa >»” Ailli^JI ^pa 1 q*s 'll C__fl j^)ia aLJo^a ^JC- A-iC-LluJl (JI£jjjV1 

Ailf&ll aJIc. l_a j^>la ^ (Holey) Aa^-aII JjjJab ^.yn cAJjIxJI 

J£j£lj .(Nanoporous) AjjjUII ^Laa]I c*Ui ^^Ic. JliLo Jbaalj ..Laa 

A*ij^)A]l dA^_jj Aic. i (Pyrolysis) aJ^jojI^j ^LuiaII jj 

A-ib Cliiaj (jl lg jlc. A q\"i j N a Aj^)Ic. (J\Vn 

.(J£joijj (Jl jj V aJj^aSI sp 2 — iajljj 



.(ojjaJ) LA& 13.4 J^aII 


<lajl j!1a c_jj^a CjI ^ja ^ja (Disordered) aIi^a a£j2o dil jt*JI c^a di 

^Lijl Aliad£ ^ja ^)d£j e5"^ aI^-Ia Abe. Ail!i£ ^jl Lajj . \g m Lua 

. ^joij j 4-ljg AjC-LajuJI (Jj^-ujJ ^j\Suc^\jk 

tdjl^)A £JjjJ jl cdbuJ jl t ^ JAA AieLk-bliA Clllil^. (jA £A tO.Vix.A 4-lb 

^Jc. IbJajjal ^lj . L_J j£ill (JA Ib^. .l^C-j t s^-JaJ jj <ja c_fl j^)*a ^iC. jAj 

diLal^JI ^ja 65^7^ — Cljlj djl^ji b^.jj V 4il ^LlaLuiill (J ; njaj 

l_j j£a 1I jA G <j] <■** n*\ ^ 12 (G — 1) jA A.ujAa^'1 CjULJI ^1 AjjouIIj 4_iC.lijai]| 

jj ^JajaII tg_J JaQJ (jl j. > ^lill djt JaSI Jbt] liSl^A L_jjii]| .A_ib]| 

^paxj £a Iaj^ AilxA o^2klj A^^LaC. A Libalj^j .yp 2- Jajl jail 

.^Ia Ic-^j CliliLk 
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Conclusions 


CjI^UHuuVI 10.4 


j^lj 4 4_i£jaJI j-G lala jlxjVI AdljJ ^_nll (jl jjJJ^ jUll Lulls V 

Ijl j&J Jal ^al jll ^ ^ "jjaUI" <uLl ^ul jLuVI - sp 3 -M Jill jV LJ 

jIxjVI AdLj 4fij ; i^ll fiJlix-all ^_nll jJjlaJ 4_ fllijj ^aJj ^1 . jlt-a 3-^aar ^ -lie. Clnalj^Jl 
j>i j'^1 ^Jc-j • ^1 jll dill Ld ^ (jjdl A-JlSlijl 4 _L^.jaJ 

jjjLoiVI <^a jj£j L^^)^ jj-allxll j-o j‘q ic. dale. jla 4 jjjj^ll 

. ^Jajaiil 4 j\^.g £.Lu a llc-l jj£VI (^Ic. jlajSJ AaL^. ClI jJjL £-g 4 LgjL jIxjVI 

l_j jdl <jK uj jjjjAaII aiaL JL^ .a \a\W j L_jl_^lud]l ajI£^. ^-g ^ukll 11 a Vi 

(j-G (jj^-o tjLuVI ^jUli jl c^_ 3 ^jj lS^A 3 4jV t^LuV! (jjjLlI jjjj^ll 

cJ La>. j-j l"ij\ .<Lull j l_j1_^-1uJI jfic.1" ^ n~Nj . sp 2 ~ -LjIjJ A^.)h>.s-i 

jl Ldlia 4 .1^.1 J Ixj jl jA L_fljl^JI Jad jl Uix-G 4 ^ilsi-A Jad ^ic. 4 LjKlmll 

^Uj Jad jl jl*j l^jli 4<Lull LgI .LU1 j 4-li^. A_iic- jl j^L'n 4-^> u*»'l 

jA I .l^A j . ‘Oaa^-G (J ja> j tiiLuJI (J jla ^glc. $. 1 jjoj 1^, ^.Ic. til jdill j)£-GJ 4_j] *»" \}^ 4 jIxjV 1 

."ajjjLII l—ujUVI £-q JL^JI 


Questions 


^pLukA 


j-G jl j j jjjjill j)-° «^ddj 5p — AaIiaII 4jL*all jl jaII cJ*-^ Cft A ) *> 1 d^a . 1 

jl 1 Vi^>x>j 4. .A_nJl ^a ^.1 j ^j-G (jjj ^ ^j^la ^jc. ^i^jjlnl! 

? c jjal j^J! (jc. t, a Vi Vi ojLgII a 1 a (jl 

(J ^Ja ^_j-g G C^jl jaLA CT^ t> " ^>^11 A fil W,ll ^jl ^jJa j\ .2 

(jc. l.^i* ) 4^j^J^£]l a^jll j» j>^i ^3 jlVqx>j AJajl^j 

. ^Ix-aV 1 ^Jajai-G]l ^ ^J-uiaII 


Ajc. jail $.ia.jll jl j . Ajjjlj l_ujUI LJajI Dicalcogenides ^la^VI j^*-oll .3 

(jid! . ^Ajjall AjuJ dbaulj^ AjfLld ^-G ^A ^Ij-gII 6-^1 4_LujI_iujVI Ajjdll 

^jl_3j-a j-G AIIx-gII ^ jlajoill CljljjaidA ^C- 1 jail 


. (Dicalcogenides) AJladl Ajli^a 
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(JjJaSj A Alik* A LgJ A3 j^)x-g -1^.jJ V 

l^j£-aj i\j* j^jj jA&ll A&a) cJa .(Square lattices) AjujaII AjSu*)'1 

Lg43 A ~\ /Ii^aII a! ^a]| ^3 b_axjJallj a jfi\\ JaliLj (jjoSlj ?<_g-n]l oAA (JjS x'in 

. A 1 1~\ ^ '^Q ^\\ 1 l ** <1 ^ 4 \ i ^ 4 ^1 1^>\ 1 C_jjl t l \ 


A 


L_J j4*£ CIAjxaiIa^B ^gJc. IjjaUa ^AjC-lliJl (JI£joiVI) djLjC.l±uJl (JjjJaSJ C > lUtl .5 

. AjjujI Ajuj A^-iix-a (_jAjJa 


■l \f\ Af\\£& ciAjjIa^J i aa^. .6 

A_nj Jj Ajum [^^. j Aac-\aja (Jl£jJul ^ jj c_aLjaj IaAjc. ( m * n ) Cljl^jujj^All ^4 *jj 

til^iujj A_iC.lj«ui]| j AajoAa^JI (JI£joiV 1 C’ Aj-al_iJi aIL^JI JailS ^llc. ?^l!L L_J^ijl 

. i^^Laa Jalj_j ^^3 


(JAxa (JaIxa C_Jj£l ^aJ .e ^ A^-ii^-a ^ja S_jA ^Ja-uill AsUa C_Jj£l .7 

^jl a3 C Qxrf-i 1 (jj .K ^ A^-lix-al (djj ^lall - AsUall (_£q 

e II (j-o (J4XA 0 aA] A1Ia£ A4jIj£ ^j£aJ ^^joIA I^j^j l_J ^4jl AiU> Aix-aJI 

?0aa 1! lAA jA Lg .K Si J 
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ulLjJ oiSi 

♦♦Vi* V 


Fullerenes 

( ^ jj j •<_ y> (fJ* 


1 AjlaIa tf I jaaHI pjal 

(••) . u 

' 7 U14LujjJ . JA (Jit A\y 


j 4 _iK tf 


TNT ^ o» tf -» c^! C 60 6- : ‘S^jM 1.5 

Families of Fullerenes: From C 60 to TNT 
Discovery LilduSVI 1.1.5 

^)x«Q*1C. A!a (_JA ^)j£l j/MSl JA l^.lj \ JkSl'\C- (JjAJ (jl JA ^L- ^)1! ^^Jc. 

1^. <LgIa plij A_lJ Jaajj tA_x_nUl ^ *>. i» \i <jl Vj 4 <-J Sj^)*a 

I^A ^9 L_iiui]| J ^xj .AjjjIjII 

cA_iaA 1 A_i^.^]j ; n]l AjcnJall C1 iIj£^}a ja (jlj .S^^xIIaj 4_ali^A 

i (Proteins) djllijjjJlj i (Carbohydrates) dil j.iiAjjj£]| J Ln^ ^^ic. 

£-* Jjjall Jajljjll L5 Jc. AaIxj (DNA) j^-xa^W j c (L ipids) 

ja J J t (Jja Cjlji 

£_ia^. Jl Ajjaiillj AaI^JI <iili (CjU ^ i^.jj.li^J! £a 


( ’ Harry C. Dorn, Department of Chemisty, Vergenia Tech, Blacksburg, VA. 

( * %) James, C. Duchamp, Department of Chemistry, Emory and Henry College, 
Emroy, VA. 
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ciAj£^g . ((J^jaII a jSjj J 43'*'.).^" _jl*JI) AJjjjJI cjUuJI 


.AjjjJaxll gAjAjSll O^J-J*^ L5^ A-Iaa!^]! A_ljlj]| A_iuJI g-ljAjSll L-L^Ua! C. ViSa (J£jaJ &AA 
^jjK juj ^3 V] a^^.jj V (jl cLolc. 30 (Jjs Ia aIa IajLuj aIajc-VI 

t(J J^.1 ji £-* JaSa Jajl JJJ jjJjill jl lAAj c(Allotropic) 

AjjjUI A_mll j (Sparkling) JjlUJI c_L^a jj t^Ldl Jj AjjouIIj cinsl^xllj !)liiAA 

£J^)I £a ^lill Sp A Wg a 11 <j^J^)£ll Clll_jA dLLujj ^jc. <1 AjUlU dAL-all 

4_ic.ljj a_Lu£a (3D-Lattice) aIxjVI A_i£yij AjSu*i ^ (1.5 (J£ja1I) lsj^- 1 dal ja 

tJjjLaJI ^jJa^Q jA Ia£ ^ .(109.5° 6 Jaj|j^)ll Lljj C-C-C) A_^.jVl 

<_ja l^_jl 1^1 (Auaj jJjJaSlj cLaLaj A ql'I'N a (^jLa]! ^j-saLx-a^ll ^ia) Clnal^xll A_iij 

t-M jJ u JJ C-C-C) rc -W j3 CIjI Aa £a A n~N A sp^ (j -0 A-“^a£a AjjaI Aja 

oAA ^.^ij . Aj^j^Ij A_iaIAja A_uj ^ja A_Llijj Iaj 1.5 (JS jaII ^3 (j^xo 1a£ (120° 

Aic. \ Ag n/n ^ ^ & VL ^jJliaIaII Ia^. 4 qV’A^ll ^aj\ X.r-vsll 


(Delocalized) l^a^A aa^aII jjc. 7t Jajjll A^2j cJIaaII ^c. .^jjUJI ^jIaaII 
a£jjJa ]1 . ^jIaIIj Aj^jlLo dnal^xl] ^Ac-Vl a-ajIa^^II ajL^^aII ^JLu cinal^xll 

. ^jjIaII S^iaaII oA^L-all ^jC. aJ^^jola]! ^A ^jjjIaII ^3 sp^ A^jLa 1 a]I AaaALaLaII A_j ^]1 



Ajj^LII (jaLaJ! Aiuc - j ( jluoJI) o-iUU sp 3 Ajj^LJI Aoioll :^ic-VI .<j^j^1 1.5 

i AA (jA f ja) (Au3|j^ AjjP j (jLuull) lao 3| jxll sp~ Ajj^LII AoIJI . . (qjlaA)^ 

. (^jjjjj .A ^j- 3 AA3 !jaj jt-uului a jLuJj 
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prespective) (jajljdta jjlai* 2 j-g) 1966 ^»lc. ^1 j2il 2>-° pt- jJI ^^Ic. 

Adl^-ob (j-aUJIj ((New Scientist ) dLdidLuj jd aL^ ^ jjjilall Daedulus 

Aj-uj ^jj^jdc. ^j-o l_j^j Lg ^ 3 j dild^)^, L y* U- 3 ^ U- 0 ^ 


^Ic. c. (Rick Smalley) dLj (jJ j t>* cJWJ* ^ u' 

AjJjV^II dale. ^ a^-g ]1 ^jjj^jd Jjjjal! .Clilx 3 jj]l o 2 a d )- 0 J^q^Ml ^a 1980 

AjJjVix 11 ^iaL^-aII ^uljal jj«a Jjja — jjjV ^al .w'uuIj AKJdoll Ajj^II (Clusters) 
d (jl£j t ( 2.5 l£ 221 ) (Laser - supersonic cluster beam apparatus) 

.(jjfLilaJI t^llLaS! ^.lc.) ^J-usaLic. Sa*J A-pj'q \x 11 £XoU^ 2 l 


^^3 ^)ld]l ((J*»Sxj,iLuj Ax-gL^. ^jjI^j aldd) jJj^)£ (_£^)Ia ^^£al 4 1984 ^alc* 

cs j=J ^UJI £l jftl oAA (JSdl _Laj^)dj A-gLgjA 1 C > l_1ul ) AjJjVu 11 ^j^J^)£jl djlc-^A^-G 

t AjJj)‘q i» 11 dale. j.Q^.a (JjWn J^jjill Id Lodc-j .Aa^i-Gxll s-l^o^Jl *41 

(Analytical Mass Spectrometry) 0 . bUM l c-kJall ^ La J!)Lk d>* 1 jla^V 

1 j .o_jj (jd^p d)-* Ajj^-g dd^d^ dil^p (j-G A_i^ alac.lj dale. 

720 Ali£ cJjlij o^n^ Aj^p d)- 0 oj^pl \j\ A *n» ^ L_fl (Jla ^a tdlla £-g 
^jj aaj .(3.5 J^dll) dofj^ o^a 60 aL£ (_^jLdj (djjA9d^ aL£ dla^. L ujILg) 

o^a 70 S aAjILgII a foSll) 840 (Jalxj Aj^a uOjW aL£ d)- 0 o_$^p l_a 1 /dSl dila 

60) ^211 720 Aj^all a hS\l dila oj^all (j! d^j^ill dl^pl Lg d)l c, ^) jjj j ^ ^(dd$o^ 

Aijjx-all (Polyhedra) a^.jV 1 djL-ixda Jl£dl ^ ^-dd (^jjjj^ Sji 

iS j j^l I^A .(l h (Jjld) t (Truncated Icosahedron) jj^ 

Ajj c." o, W'dll djljV^l »l.nu.)lj (Foot ball) ^^a "bjfi&i ^ 11*11 cJj^ a l_Aj^)*-g 
l^A Soccerball — SI uj *(3.5 (Soccerball) Aj^ j^-qV 1 ^^11 o C__flj^)*-G 

(Buckminster Fuller) jl ja jdudd^j Jja ^ 4_x-aldj to jIa*11 JU-g ^ Iai^. 

.^jJal-All jj^ll ^ Aiuj^lillj o-S-aIxII A ^.1 (jl^ c^-^Sl 


^j-Sc. (jjjill (^U 3 ! j tdiLoiljdl ©d 840 j 720 (jjJAdlj ^jilidll (jijlA (_>a1j ^ ^ 

cjll j tl jjU Idb jl£ JjVl (Lone Ranger and Tonto) "^jldl j ^jUJl" Audj jd jjill 

.IxjIj LgjL jaAVl 
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i 



A-pjft )T- 4x- 


AjUiil ‘ iL0\ .(jxfcJI .AjjJjUI Ajjaall Jl^ii . jLuuSI . jjjl!L jj]jj 2.5 jLuiSI 

£yi jjjL 1 qa) 4 &X±L a t-fijjla Jla ^jjjjSSI AjJji jc Cilfr j.vs <d 

.(NPG>uaU AjLuiaJI « 


e-lixi* t-'l jjlj ,• 1 I \W | J.^il la Ijdlj (Blicky l _ r AjoLall) jluilaSjJ <jl£ ^i! 

IjSa j .(Geodesic domes) Auup j _;•> " e-ilddl «lij LujoiV tAjjLox-all IaIjI 4^. jYI 

Cgo u p ^>^21 (jjilal 4 a (a a dl ixj£]i Aj^jL«i*-(dl A ■ ' " SaVj 

j|/ j CjI^)£ ^xj Loj 3 fij. ^l]l jILoiia^j ^jj ji Ajajoij aJjAadl 

• s— ills jJ jill 


Production 


liUoj£l cJjs l) -0 


£UW! 2 . 1.5 


<_j-o (iluo (3^-® 4-^ 


o C 6 o i ^*‘^ 1 jl ^ ^c- j\\ ^gic. 


/ — • ^ V V -uu ^ ^ ( V O 

1980 ^alc- 4 jUl] (JjjJa3 ^)l!La <j| V] 


• \ ((% 

% 0 4 dr 


JliuiVl (Soccerball) — SI j»Jiil a jS <jjjj ( jL^dl ^1) . j 1u»1>Sj 3.5 Jiddl 

c^! • C 6 „ -SI CiLujLaa. jljjl Pi ^.) •C60 —S' (jj&j 4 _ s jJI ‘Lllu'AuJIj a j. ,.i .411 

.(Toluene) ljjjjSjjSI lA C 6 o -o^' 
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Kratschmer- oI^ja-joauu! . jtuull J] .Uj^UL All Jjj 4.5 

.4 411-^4 ljLLj^ J (L5 _1HSJ1 t ajhll (jjjj . (jxaJI J] .Huffman 


<1 ) U*n (jjJJllj 4j-aLaJl cbUjJI l“)Ua3M uillj ^Jc. Sj^C' 

<x_aL^. j) ^jLoSjAj ^IA cl 989 ^»lc* Jj . (JjjjIj (_£.2 jj-iM J 

J lil£ ( jll jl AjLoij ^a Lj/Vn* ^4 J ^tijl <1 jl (lij ijjJ 

JjVl S^aIIj JbAJI I 2 a j 2 j i 1 990 flc ^ o . (Interstellar dust) on ^ j 4 ^- 
(Electric arc) ^ Cgo — M 4-^aLi.j (jjjJjall jl 

^jlj .J-.Lk ^)lc. (j-. ^j(jjJa2 j ; jj ^jj tAij^jIall o^-J .(4.5 (J£jo21^ 

(jjj^ll 4 J . \ U ■ .»l Atr, Laj5UI j^)jj AjV 4 a (Buffer gas) jU^all jliJI jj^ 

la^jt X ^3 JAt 7 jL-a jU£ 11 £-g iaaj ^a ^lljj (Jc -1 Jxlj • J<\\Jl 
jbajA j jl^a. j3jj cjlol c_ijja JJa Clia^j .200 torr J) 100 torr 

^2kj S$J .(C70 J C60 J^b) JJjJJl cl>^ X 15 Jj 5 (JJJ <— 1 jbj bo 

Jlo c4_Ja5jjaLA ^jjc- 4_ alia-A ClA n.b ^^a jLjiiS JjIA (_j-q iajlaJI 1 a& (jl 

L_jIAa 11 jAll c4_La.^All dAa J .^jjjbll J 

clilbjJja J^.j C 92 ‘C 88 cC 84 cC 70 ‘C 60 ) djlijjJjall q* Si*.* h\\< Jc. bjAa^ 
1 g j ^jc. Jll Jj-aa Cbil£ 6 jiaaJl j . 4.5 Jibll ^ bhffA La£ ^^Jc-1 

( High Performance Liquid Jlc- JjUJI c_al jcjjL«jj£ 1I Aijjiaj SjIc. — i_>a*JI 

AjjjIj (jj^.Luba J £4u Cjljjjijall jjSj tl ^nVu .Chromatography - HPLC) 
l>« -4j^ u_A? lK j^=> jj cjll*ll Jiuj ^ <j^j 

(j->^J ‘(3.5 C60 — 1 UJ 111 iJ^all (JjUjai ^jic. lAs^j j 

.C70 — ^ 
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(jljjJaS 4 ^^3 ( 4Jlillj J^ll J (JfLnli (J^ 0 ) ^jjlx-d! \ A^Ljaj (jdj 

J) Bethune uj^j ‘(NEC) Ijima J)>jj q* l 4 Jjii ^ J£Lol« J£j 4 tClual jaJI 
(Single Walled Nanotubes-SWNTs) AjjjUll L_iajljVl (jl 4 (IBM ^ 

^3 A ^Uui La£ ( (jLa3 jA — ^IxuJujI ^ 3 Ljajl (j£-aJ 

(j-o <j-saLk j Aj r^x x> AiujI£I yj J L$ _ ,) ^ jptx-a ^ I jjJ (jl jl 4 (_£ j^.1 4_i^.lj (j-o • (Ju^Luil! 

J ( Sc, Y, La, Gd i JlfLall Jc*) A,u^jj\ jj-aLxll j (III) Aulliill <c. 

Metallofullerenes (j^JJ Jlj-iAj-iil diisl jJI (jUjaS 

jjJll (_$Ja 4lLLui 0 j « 6 ^1 jA ^ ^ endohedral 

j’UjY (Solar generators) ^Ida dil-dj-a JiVuJ (j£-ajj .(jjjJjall d^c-Y 

(j^lj 4 4** n^l jJI (jjJj£ (j)-G 4_j^A ^Ic. (JJiAJUdll <X-ujl (JjLk (j-Q 

. AjjjJsdl &AA ^Jajoiljj (jjfL V S-ilc* 


djI^J^luJ (JjLa. (j-G ClAjj Jj] jAll 4 iOJJ^Yl 4jjY! 

^3 jill ijS ui'i'i (1800 K) A jJai^-La Sjlj^. Ajc. 4 Jlldl (Jj n» ^Jc. *®^l^)^ll 

(Precursors) CjIIlUI J jjjnll ( j j.i^ j^ia^YI j) (Sooted) 

AjjJax 11 ClAjjJJ^ J_J'\^ ^ (_£ jl jaJI (J-^-^YI 4 _LaJ jJ J .(_£ j^YI 4-ij jj 

jj3 jj 6 jxo <1 j^kY 1 c_j jL-Yl .CjllkJI *^jbCLo (Aromatic Hydrocarbons Pyrolysis) 

(JjlauYI 4I x>ijl . <j ■>iq £jl ja. do aydlx^A Sjjjjjuj ^gi 4“ il n jd jill 

4JHJI Jc-) ciiljjdl sj^jCLg Ajj^dl (Pyrolysis) 

.(Argon stream) oj^J^ t> 1300 K Aio cA. hjA jail ^ (cjdliiiill 


Formation Jaluui) S jjjj*- 3 . 1.5 

Yj 4 <ailk-o J <C. jli-o jjiaJ 4C6O cJ ^- 0 L y* cr^ 

^Lj^ll ^jjjjall AajjlaJ ajlc- A D -^ (jl 4-udA^H jj'ull i^a <jl 

Sjljj JJ ciLuj LaJ jJ j .3000 K ^.JA SjI Clll_^.J^ ^jc. 4 4j J ^ a jll 

- ■* 

jlj-o J^JLJ LoAic. (Jj£joall dal Lq 1 4 ^ 4 4 1 UaiYI ^J^xll 


Cjljj Jx. olijjJja (endohedral metalofullerenes) jjjJ jj Jl jjjAjaji*** 

dilc. jl dlljjjl jl ^LjSbjal 
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(j-G LdJj t^Cjlj J ((JjjLgIVI (Ja. jl) Cl±i2l_jJI jlxliuljj/ (jj^. J t Jj2l jJl 

(Endohedral (jjJJ Jl jx iAjdVI jl (jjJJJI (j-G o djli^ 

ciniljJI 4jl u>i°i Jl AiL-d-G -ij£l jl/ j (jjl*-G ^-g AjJIj l_ujUI jl Metalofullerenes) 

C Uj.nl (dlJLui-oIl) JxG-gII 11 a ^11 (jl (j-G J^JI (Jc-J .^Jlj^g^ll (^Jll (^ 

Aj£^a. (Jj^jJjuj JJal (J Cfco d) (jW fll^jJC-VI £-<* 1-lL Lgil V] tl-oLd l^Gjg Aa 
Jc. S jjic- .C^o (j-° _}j£l Cl: Li2l^)J] jLl-GlijJ j-gJII _jl JjjalVI (jV tig j'c. Ja-UJ-G 

^JJ-Gjdl^J -ll ^J-G ^2 ^L*Jju1a]I (jj^Jjl IJd ^2 C70 H <Jc* (j-Gjg J C60 tciiil 

t((jj-GjJI JJ) 4.5 JSdll J U^-° La£ (1/5 ~ ‘J^) Jlj^$£ll (jl-aijA — 


CjL ciiil£ . J^i-clid ^ j-gJ _jl Jjjoil ^)J^I C 70 (j^^fi Jii (jl lij^)A-G CjL ^Ul di2 Jl J 

Cli Jl (JJdiJJ Jj (5.5 J^dJI) J _^)JI ^)jdjj ^2 JjVI A-llVI 6 Jadll (jl LgLgJ lij^}X-G 

J -Cn ( ft = 1-7) (_£jlil (j^J_Jil (j-G ft_JJX J«a AjjJjc. idle. j,g>-g jl/j (j^J^J]| 


• 13 c/ 12, 


C (j-j^)jlV)ll laid L_lJ_J J W'nJ CIiIc-j-g^-g a^C- Jj 2 (j-G ^jlldll gIa (j-G (jjdiil 


ajjxx/i Ajlad (JujjLuj <Jj» x^all Aj^Jjxil idle j^^-gII J^jujj t A-g^IHI Aj]j/I aJadJI ^2 
jjLjj .Cn (n = 7 - 10) c^dall J (Monocyclics) liLaJI A-plaJ idtdja. Jl jjad 
JJ j^. j idlilaJI Sjjixxg idld j^. j t_>^l idlik JJ o 1 a AilaJI ajjI^I idld^jjl 


(jjj J Sji (jjjjij (_^xg JJ idld^aJI oIa 3-dj Lodc-j .(Bicyclic) A-plii J ^ J 

(jj^iill 4 j\<gC» JiVI olA ^2 A_lgAVI (jj .dj\jj_JJ (J£jaijj t J£l J 

4-iLaSn 5jj_jjjlll CjliijJjall (ja ^ > >iV' Ig"i3-» >i i l jj (Annealing process) 

(Isomerizes) lS sljlljja. ^ diLal \U.^ 5iLLJI aJIc. (Precursor) 

Jaj)« a«o dc. t (^ajjlg ll ojlc.) t jL-ail Jldil jliil c. . \x \) tl^A j . 11^.' V 

Ijj^ ^(Energy deactivation) AiUall d.^*" 1 Jj LS^jfi (200 _ 100 ton*) Lnxd ^_*ij j-g 

. (jj^J^^il J )5 a\i i ^2 JoiLuil 


Ajjail-xid (JI£jjjI (jjj^j ^A Adl^-lil (jjJUl ^^2 ^>dl (J-gIc. <-gj j 

<^Ja-ui-G A (j-G Lui J j ^ijJ l-Q AAxsliil 4 jU-oj/l JjJJll ClAjJ Ja. ^2 ^jLjaVI 


dJdj Jil ^2 ^ jL-iaVI A-Luil^d (JI^jjjVI ^)J*^ c. J ^2j .^jldaVI AjjujIAjuj Ajjj 2I 
dJdj (jl Ldajl «. s j^*_a]I (j-°^5 • • • (jj^jji Jil djL J (jj^Jji Ail Jal i.k'ij (jjJ Jll 


(Dangling bonds) Jd-JI JajljJI (j-G (J1L ^jLdal ^^1^ (j-G jj ^jLdal ( _^LGd 
Jl AjIVi-qII JajljJI (j-G (J1L (JLJI L_fll JaVI plljil) (Ji^^lj A m -q Ajjj ^2 

(J15 x J V I (j-G (j-G j-oil ^2\jJaV I _jl Jj-ul' V I (jl UA llj Ldajl ^ 1^-Gjil I 1 a Adlj J . ^)^A-oll 
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fi.lc.la" J flilA - '~ ’•» ■ «aj .13 j . ^aall 4 iLaC. ^3 4_1 j^x_a]I 4 ; . .■), ^ -V \l 

jjjj l^jlj e_aj*j <ij jx^II (Isolated Pentagon Rule - IPR) jl "JjJ*-a]l ^^-J-aiJI 

4 Lajj^all jl o^jL^aII diLboiLa^JI e^c. i _pi La-* jail LiaLjaj 1 jj\ > d 

^3 4 -n. (Motifs) 4 _i^jLoiV 1 tJISxuVl J ■ s~>\ V- ^a ^li]L ijj .Lglilij 

jS J-all ^ (C 60 <_S^ jjLJI) Lc-jJjoi (Motif) ^^jjLolVl (JSjoJI (jj .6.5 

(j ijala. Iijjj [(6‘6) Bond linking] Jajljjll A-LjI j ^^-ajoy La Ajal (Meta) 

tJ ^lj ^Jaj ^ (jjli j! (JAIIujI .ImJ (jj 43 (. 5 ^ t Qj\) a * lLa^. 

.(^L-Vl cJ^J' 



. ^jLa3jA — jj4a*i1I^£ ^3 J jjj La-lic- ljLLjo] jiJI JaLuu 5.5 Jj 
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.(JjjJ jAll 4 _^LiaA 11 A-ilc-llill ^g_3 ^ Ajli-11 ^a Ljajl Motif ^^jaiLoiVl ^jl 

aS^ [6 ^ 5] 60 — Ih ] 4-ilj Ij^Ua (J£joi C6o L (jfc laj 


^Ic. ^ j'Wj (J£joi (jiiuj o -0 ^ AjjoiIajoij ^LijojLa^. ciAAl^. ^j-Q 

^)1 jj Aj^laj (_j-q L_flj^)*-o La£ cC n ^Aj IPR SI ^-ajoiJ tl-^A . lg_^.j 

I (n/2) - 10 j 12 ‘ilS-iA jL (Euler's theorem) 

^laliill ^jl ccillA£ - [6 ^ 5] (jj j2 j3 — 60 — I h ^1 ajjouIIj UjoiI^joj l ^.j 20 

L>° IPR L>° c n 6 ^ c, ^j (j- 0 ^J_j3 lx«ojl jA *L^.jVl 


.I h jlaliill cJj ( n = ^0, 80, 140, 200, 260, . . .) <LdLaj 

o^C-13 i-^gTn ^^^lill C6Q 4_nj Clilj djI^Qj^jVl (j-a SAVI cAliA <jl (ja ^t - ^>11 

^g-ujLo^Jl S-lC-lA qa (jjj2 j3 jx >. s- i\ jA c [6 6 5] 60 — Ih — j 4 \\ a \ a — SI cIPR 

1^1 j ^XJaVI dilik. ij jJaill Paramotif g^l^VI J£Aill jj *(lPR) JjJ>*-a1I 

(J^joAI .( 6‘6 ) A^^AIaSI (Jj-a^SI 4-Lajl^) 6 Al 1 g j AJ ja-^Aa 

4_iij ^A (j^qqSI IAa ^jlj 1 a\c. i\ g yj ^jj^jjojiJI C 80 - Ih (J^ 1 ^ ^Jajoil^J lAA ^jujLujVI 


Ajxijill cAiija. ‘(Electronic open-shell structure) A^.jAAa <*ij3 

Cso“Ih ^ J 4 (filial ^)Aajl^ A S^AaSI ClAjJ^^JI Ajl 3 j3 ^j-o I^)I^)AjjujI (Jst SjIc. <-^.j IAaSI 

co^ajjai . a ^plxA ^ja <_j-alA3l ^jc. 4 J!iaI cillljA • (filial ^lajl^ ^ 

Jc. ^\Ji\ JiJJ! J\ ^banlLj .La 2 @C 80 J c(olii1 Jd) SC 3 N @C 80 J 

^unje_J Ljajl Ai jju 3 lib <fLoVlj IPR a t jl *.;jll 

(Endohedral metallofullerenes (SC 3 N@C68, Jlj^Aj^jl OljjjJjillLallS 'ijiLuball 


• SC2@C66) 



^ilS) jjjjI 



^^JLJ L«) lllA 



(jlill Ijb 


•(Para) (iUill ^ jLa-aJI) I jL t(j*j La) llu t ( jj jj^c- j»jli) y jji 6.5 jLuill 
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Cs4 ‘Cyg 6C76 CjlijjJjill J C70 (jJjJjill 4l\^. J] AjjouSIj Lai 

(J£ ^3 LlujLa^. ^)2aC ^jjl Ac. j)x>-N x> La IPR 3ilS 4(jVl l^J^C ^aJ ^lill 

<jl 1 x^ijl ^aLaJA^U ^iLall (J>°J *(^84 S 32 j A_luj| Jb-nSI A_^.jVI 33C ^^3 £-a ^3 

jli CC 70 J] Aj-uu11j3 .(J 3 I l^Jaljj Sjlc jg hi o^u^il CjUj^J^I ^j - 0 * 1 }>^*JI 

J] ^luuIIjj .D 5h £* (Ellipsoidal) J£j>i j£Lau2lj Jjj*-<JI j^jjj^U 

6 (Empty cage high follerine) t^Lkll CjI j $ jjuill cAjjjJjill 

aj^lc. .(7.5 (J^ajJI) Cg4 dll^ajjjl 3a.V D 2 d J 6 C 76 — SI dll^ajjjl 3a.V D 2 iAlLaVI 
S^JJ^SI jail AlU. ^3 J^b Clal^aj^jVl IPR 33C tcilli Jc 

•^84 J c C78 ‘C 76 ‘C 70 ClaUjjJjill jLa 

Properties o^jLuaiJ) .4.1.5 

A-ijjjj^SVI A-mll j CjIIjjjI jill ^3 ^ Aj_jjj-Ja J^^Uajl A LiVi <£ IliA 

£.Laj 1 n^j tJajuixa ^j-a $.|jdjl j .4 U'q,a\l Ajj^)£JI A_ij^J^)£JI (j^lisVI 

Aj 3I^)3| dll^p a J^lLaij ^jl i .lj,wMI A^j ^Ac 1 V^x>j j . <j^j^)£JI Clll_j3 qa C6o 

2)-o AJj£-a jj3l£j 1 iLj^jj£Ij A*J^)I j tol^ill L_J^)3 AjtjJa jLaSI (Is) A_j^)£^a1I I 

<Sj^)x-a aj3 ciijl^il lili .(2p) clAjjjjfLSJ Aj^Ij (j-oj (2s j .1^.1 j ^jjjAfUl 

CjUjJSJ] 2)-° Aj^L (j\i ( Sp 2 A Wg <a dll^l.la £-a A_Sajl^jLa 1 jK^Ii j co.1^.1 j A_x3J 

(a ,W g .a sp 2 C1 iI^)I.1a Aj^Ij^ G -Iajl^)J a£jjoi ^J£juj1iuj ^gic Ajlj^jVI jj3l£ill 

(J£ ^gic l^)^^A-a p ^cLxjjj ^) 1 Axj tilLiA 1 3j-^J .lAii-a p ^A-a 60 

.60 — SI cialjj 2 >° 



c m I„ C,„A» C- 6 D, C 8I Dm 

.Aillia A^iuiLaaJt JlLuiV) 4jjjJ ijS (jJJ 7.5 JLuJI 
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-3 


E o 


LUMO 


% % % % % HOMO 

Hi- Hi- Hi- Hi- Hi- Hi- it. Hi- HL 
ip it it it it it it it it 


% % % % 

„ % % % 

+ 2 -- 

Hi_ Hi. Hi- Hi- Hi- 

it it 1 it it 

% % % 

+ 3 -L % 

P ~ 36 kcal) .p (_ji 511 m C^o — 1 Hiickel JSjA Jia hh-^a 8.5 JiuJI 

(2 

(Hiickel Molecular Orbital- HMO) jIaa I a] 

LJ ^joij t (J^xxn G JaJ jjll A^Jjoi 4^JLx_a ^Tuxi Jaioull 

4 J^Uxnll oAA (_^Ajj .<1£juIia11 K cj-° P ^aI^AaII ^^Jc. 

IjIaj UjI Laj .8.5 ^3 ^jJa^A La£ ^jJ-uiaII JoIo'n a! HMO (Jj‘ia i 

.uij> I ^)l.la Qjltji 4r- * La LuJ ^ 11] tp jl.la 60 £-a L» . ,y,\\ I2a ^3 

(Highest Occupied LaLaJ 5J j^Lall dll jIAaII l)-a (jjl5Lj lilll-iA 4^-Jaj^s jA La£ 
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SJjaIaII jjc. aLLJ^J till jliall qa (j j~J\ jjiDdj (Molecular Orbitals -HOMO’s) 
— U (Ground State) AjalajVl aILs. ^ (Unoccupied Molecular Orbitals -LUMO’s) 
~ Ih e.<_£_ya-^ A-iijjjlIVI A 1.5 uj .[6‘5] — (jjjJjill — 60 — Ih 

li*j (MO's Jajljlll 60 — II tiilijjj^lVI ^ ;.a> AliLa AjtSji jA [5‘6] — ~ 60 
ji g 3al Llajl tA jjJajll ^a ^ jlatall ll^Jj ILa j)\ ll^lj I ml A tjxaj 

UalA o jxa LiiAlal t<Olc.l ^ .La Aa. ^1 a j-til ^jjlj J (LUMO-HOMO) a j^wlll 

^ Q j-vg . M I A jLc. ^ ^ij-a '^HaII (jjijiill (jV t(_jl t(j ,r> fril l AjU»l lAa. 

^jl Lai .A-ul^-M tllj3l^)aJI A3 j a ^Jl A_luii]lj (JLaJI jA Lai sp (_jAaa-a ^lt V Cgo 
7t~ till jl-lall £-a 2s jiA* JaHii.1 ^1 (_£Ajj ^jJjl £A^a (JS ^ ^lladl (jajiill 

(tliialjaJI) ^^iill sp 2 — 11 Oi! (Rehybridization) ( j j>g . "il l eAlc-j MO's J] <_sAjj La 
C(-,q I A_ii o j'~'l IV I AilVI J)t J>*A a ilA oaIc. 1 A_iLaC. ^AjJj . ^^aLai] sp II j 

^Lm -a (jjj ^ (Electronegativity) A-nLajfrS LS Jcl tlilL 2.65 eV Uuuiall Aajil! ^ 

. Alj_JJ jl J jAjfrll Al ^ttll 


0 ) 


M 


1 » » * » i t ^ L 1 1 .1— l._l__l 1 J— L.± l l 1 ± 1, l 1 1 . 1 

- 1.0 - 2.0 - 3.0 

( Tc/Tc* Jiio Ajl j 3 ) (Jj*£ 1I 

t> tjjL 7 jts. >41 t>) C 60 —1 tiji-LI voltammogram ^jill kkSa I I .9.5 J144I 

.) Aj£j>*S?l A4Lai£)I A j« A-atl 
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(Jla ^^2 Ail AiHall ^ JIuia hh^A ^ja 1 1.^1 )\ qa 

LUMO's (J) 4-iAij (ji A-iaUjaj cAjj jj£ 3J 4Hui <1 jg (JjIL J C60 1 

Jjl^a 4 jj\ gi Iaa Jaa.^j .(Degenerate) 4.Wudl 

g^lAaJI glj (C6())"' “ ^Ala.Sfl (Jj5JuJ £-4 C(,Q — 1 jJjJj^l/JjJA^jl^Vl 
AjjJjsII t_>ulj5 ^jjaII ^La j* ^ > >»'\; L«£ (Cgo) 6 jl (Hexaanion) jjjjll jfLi$JI 

.9.5 JS4JI gi (jjxo La£ (Differential pulse voltammetry) <jLjalij]l A u>in' l 

jAx-a 2LL5U (a ^Lq-q l. (Ja. iall LUMO II glj ciiLi jji£ll 4 j51j AalaAal jl 4 1 ■ ^ ) 

t_jx£a J£4 ij K 3 C 60 l>° V9 jjj£j J] <J^5i * jj^Aj jA: (Exohedral) g^.jUJI 

jAj ( jAaJI git 10.5 JS41I jiajl) (face-centered cubic (fee)) 4a.j]l ja 
K. jc. jij a^jl^)^. 1-^.^jA Aic. jlla jaaaja Aj^lj o^l^jall AliA^p Ajc. gjLj^j^S 

4_illiljl caA^a ga A3C6O aAAwlia Aajli Cj5Lk^aj^i aaac .1 ^^LAfl Iaa glc.j .19 

jl (jja. gi .(33 K Aic. glliijl jjla RbCs 2 C6o — 1 tjlloll J^llu git) a ifo a 

4 - IxSlA ^ 1 ajqia. JfLAj K 6 C 6 0 ^ f 1 ; gll (_£A jj *j j A. 4_jLallj CjU J ji£]l AliaO lAjJal 

ijaa <1 j£Jj t(jLaJI 10.5 JSjUI jlijl) (body-centered cubic (bee)) 

■ Ailx^a yAjj$£ 

laAic. aAj^jall lg_jl ^11 gA jj ja] jill g 1 ; a j£ ^jaal^a. ja 4^a£a ^^^.1 o jja AlAAj 

gjlfjj ‘ hexane jjjAfrlt c JlfLall Jyw.> gic.) 4 ±LaluuJl jic. CjLiia* 1I gi 4 _jjAj 
4-liaaJI jl jlVl dia^L^ I Ailj .( jjjjJlj xylene jAjllj t carbon disulfide jjjj^ll 
0 Jjja^dl c C70 J C 60 — llj t^lc. Aiaij ^all ^ j^iiJl ja^\j ^Ij^. jVl^ 

t- ajlall jl i-i~' l_j jAax-j ^gA j j'X IV 1 'j^.l . ^LaVl j^i 4_^jVjj dAj^. 4A yj*-A L (Jjll ^ 

jj3 4jLaiVl jU=d ^gk ,Jjk L yg\ C 60 — ^ jl Laic j .( 600 nm -400) 

^gj^jl e .) Lo ^glj Aiaj ^j^il . Ay 1 1 AA j^lj t( jl^i^jlj 300 j^ cJ^^) 4_i^_uiAli]l 

. jiajjli 700 (_gl) VjA^aj 

CjIjA ^j-o> jl ^gi (JiLaJJ Cgo , ^-y5j4 jaLaJATU ojila 

gAj jAtc. j IaI nil j^o <1 . tu aIIa a lA^bl ^ j^^djj . LuLuu^ 4 lal Sil * 00 II j^j^j^ll 

jjj^jll AllLail jA gi Lilian j] sA^.1 j o j jA glj a! V‘i,..V1 i Luj^ij I . lajl j 44^. 7il 

4jjii a*jj .( jjjLdl gi * ja. 143 ~) -143 ppm Ait C NMR <_Sj>JI g tJ n Ti l, wal l 

^ ^ 13 

. A n» x> (J 'Lixi ^Lai^. (jti~\A*\ C ja, 
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j-a ljxIa JUtu - KfiCfio jluull ^1 . ^ JjUjjIj jJb AjIuw C^o 10.5 J^uJ) 
(face- (jjSj* K 3 C 60 -o^I • (body-centered cubic (bcc))^Jj 
.3 (j* ^UUj <> .centered cubic (fee)) 

Aj| V] cC 60 — SI A_nj ^ -Sals o^.l j &jl lillliA <jl j 

AjjujI .luiSI JlilVI djliU. (J£joUJ ^jjIa - 1^.1 .A_mSI 6 1 a ^^3 Jajlj^)H 

.AJjujLa^JI — AJjujI .luiSI (JI^joiVI CllliU. (jdJ (J£joUJ C^AjjujIjjoJ — A_1 xjjIAjo)^ 1 g m Lgj 

A_Laj|^)ll £jl_La ^3 ajL}^ (JIaJj 4fi!)lx.l A3jj-a^all (6*6) A_Lajl^) ^A ^jVI ClsliL^JI j 

4(_Jj1aa]| ^3 . 1.38 A- S AjjLuia A_Iajl^j (J^la L)_9-4 c.“ ) A_^.^3 ^a1I 

A (J* (J^lal Lo 3^, ^11 (6t5) AjjujLa^JI A_1ujI JLujSI fll (j;iJ A_Sajl^ll (J jh ^Ajj 

jj£! LS ^ C 60 — SI ^ A^.j 3 j^SI Jajlj^>SI £ 31 ^* J ^laill A_gj 2 kj ^C- 3 j IIAj .~ 1.45 

(J^l-^ A_iaAI CIiIIj c." Ui.nl Lf^J (6*6) 'S^ UJ S*^2S — A_Uuil .lioill (JI^jujVI -lajlj^) ^3 |3j3^j 

.A^UiJ JlSjfrl C^lik 

A3Lola 1I ^jl ^Ac. C6() An nil AjjjUI An n a 21 AjljIVI CliliLiJ ClJj <_£_^kl A_i^.lj (j-° 

^>iaall (jlj C^o — SI 1 10 A lAjljlLi o jjU^ll ClAljj^JI (jii j £ ja Jl j £ ja 

Aj^jI U^S __)S j j _jj 3 jli AiLuiA £-o 4 1 1 a j 10 A • jA A_mSI a 3^_S ^jj__^AI 

^j^jSI (j-o j An nxii II Aj*-klVI ciaLoil j3 ^j-o 3^.j tilSl£ .2.9 A AjjLoiaSI (interatomic) 

— AjjjL a£jj^i ^ Aiialik Ax. jjoij jj3j C 60 * l £ (J' (^C NMR) (_£jj 2I ^ xx nSa ljx^SI 

IS ^J^udSI ^Aj^^AI (jl^)J«^SI 11 a ^jl J .^A3^)*J! o^jl^)^. A^.^)3 ^3 ^10 10 S ^ — A_iSj-a aJL^ 


^jIc. jjc. j (Liquid-like) tiljl-uj jA AijxJI Sjl a^-j^ ^ L^l l C6o 

A_i1x-£iSI o^LJI 249 K Aili tcilll AiLjaVlAj \\t.si a^Lo AjjaiilL AjI*11 


• ICC <C V 4 U 


LS* 4 

.249 K Cli^j “Ratchet phase ■ jjJa" a£j^j 249 K j >a j^. ,jl jjii 


fee “9^ t4! 9 o' 94 1 


ajL ajs jjL j* (rachet phase) AiaLJI jjL ( ,) 
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Reactivity 

Fullerenes 


2.5 

1-2.5 


AjjjJaxJl ClL/lc-lij (jl ^g.<al! (j-o t 4-ilc.li ^.g_a] 

j\ I j ^-oLqV! c-uL^JI (3^ (Attack) l jlclij Lq^^a La! lc.^iuj 

dj^lc-liil]! ^A AjjjJaxl! gAj^j^l! £ya tl l]j ^Ic- (JLi-a C5^ S^pl 

^c. (C 6 H 6 ) JjjiJ! CjlilLLa Iai^. Aijjx^l! Electrophilic ciiLjjjfLGU a_i^ — 11 
^111! 4 kj^nll ^k» a S^jLuj aIL^. o^Aj .^jj^iil! aH^. ^ j ^ya 

JiLJ! ^c-kxul! Cili cAjjjjI jill jli .(Closed surface shell) <L*3 jS 

^All ^-kjoil Exohedral a^.^ 11 ^gic.lij ^ ^^»a AiLjak _kiis ^_ajoi j 

Lixijj lix-a j lju*il Alii*]! Aijjjj^lV! AilV! (jji (tillj AiLjaVkj 

j! ^-q AiaLja] ^j-a A^jL tgJ j! CljlijjJ jil! ^^Ac. ^Jti'n djvlc-Uiill 

L5 Jc. AouoijaI! (Nucleophiles) ^ ac. ^ Nucleophilic ©I Ai^ 

. j uluj£l\ J i^jj^jfLll j c j jlnl! 



OOEt 


•C 60 — ^ o-“ cJ^!^ 11*5 Jl^! 

tdjllijJ jil! ^ Lli^j (Electrophilic) dAj ijjSSdII — 11 dj^lc-liil! (j! £-aj 

^lia Akn dj^Lc-lij (jl cJ^l l-^-jl V] 

(jiaLa^.1 ^ Ajj5 c(Halogenations) 4 wig 11 j W^Vl ciL^lc-lilll &La 

jj^J! £-a ClL/lc-lidil a1^_uiJ <jl 1 jJajl k^^Lj <jl ^ » \\) La£ ,S.lm£^a 

aL^j -lie- Aillxll AAic-Lalli! ^A (jj^jjl^All dl^lc-lli] Aa^_a 1! Aplil! A-ojoAI 

^jJuJ^) JSjUI jiijl) (jjjaL. Jjj (6‘6) Jjjjill - jjjjlll (Junction) 

dAvltliall LS & (jjjjljill Ic-jiai Jj£^\ Ciilc.lij]l (_s^.j .(Meta motif 
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jjia j* LaS Hirsch~Bingel (j5 (j-o Nucleophilic oljill a .'-w> 1 1 AjaLjaVl 

cojji-Vl aJL^JI . C 70 — 1 (JjlLall (Jc-liill 12.5 cKjaJI oiMJ - C6o — 1 11.5 cKaaJi ^ 

(Endcap) ajunl'dl a_ajia .lie. 5lc.laj jJ^Vl (6‘6) (jjJj^ll -lajljj] ja^Vl J-lxll 
£-a <iL^aVl ailA j-a 4 K ,'~Vi ^11 i" it auxall Aj-alA ^11 (jjjaljall 1 '■ * 1 
jil CllLallLa a 1 lir.V ^ ^j51j a ^_JUJ^ aJAxIla CjliLaaaj - " ^ tedli ^lj 4 a 1, . >»W Li . a J^jCLa 
Ci5lc.laill oil* (jlj . Cilli j2 jail filial (Regio-chemistry) "^^j^ll »l;a;5" Jiiiaij j^jII 
(jjjJja CjlaLila jjjlaj ^ lAa. i-ag_a (Functionalization reactions) Ajlutioll ^uidajjll 
e-Lai] Ajfcjl£]l jlaaa (Jjjtaail dllijjaijall a . 1 1 IvV'- tAliiaVl .1^.1 .ii.lj.li. 

lillij 4 (Hydrophilic) e-Lail c-iliy-ail xjILII (ja iij^ll jjs jj Aaij (Hydrophobic) 
jjj a^jll J (jjliill J-aljC. jLa) » 11 j A ' ■ ^ ^ Caill A_ulall l" il a aalajlt ^3 7 v A"-. , 

.(MR! ^ li ijli'li a ' l (jLj jallj 




a 



c 

2pL*-a 


i 

H 

i 1 

He 

a 

rB 


c 

(jjU-a V 

5 

B 

6 

C 

7 

N 

8 

O 

9 

F 

10 1 

Ne 

a 

Bfl 

13 

A1 

14 

Si 

15 
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16 

S 

17 

Cl 

18 

Ar 

a 

m 

21 

Sc 

22 

Ti 

23 

V 

24 

Cr 

25 

Mn 

26 

Fc 

27 

Co 

26 

Ni 

29 

Cu 

30 

Zn 

31 

Ga 

32 

Ge 

33 

As 

34 

Se 

35 

Br 

36 

Kr 

37 

Rb 

m 

J9 

Y 

40 

Zr 

41 

Nb 

42 

Mo 

43 

Tc 

44 

Ru 

45 

Rh 

46 

Pd 

47 

a 8 

44 

Cd 

49 

In 

50 

Sn 

SI 

Sb 

52 

Te 

S3 

I 

54 

Xe 

a 

Cs 

a 

Ba 

« 

La 

72 

Hf 

« 

Ta 

J4 

w 

M 

Re 

76 

Os 

W 

Ir 

71 

Ft 

7» 

Au 

80 

Hr 

*1 

T1 

82 

Pb 

83 

Bi 

84 

Po 

a 

At 

u 

Ru 

*1 

Fr 

M 

Ra 

14 

Ac 

104 

Rf 
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M 
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Bh 

i6t 

Hs 

109 

Mt 

no 

111 

112 


U 


116 


■ 


SI 


60 

61 

”42“ 

63 

64 

65 

66 
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' 68 

"«ri 

" 70 

"TH 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 
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Lu 

90 

91 
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94 
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Cf 

Es 
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No 

Lr | 


JjSiVil (jilaal Jila ^Lajj Uj^a. ^3 jaalle (ijj-ill JjiaJ £. uj 13.5 jLill 

■endofullerenes Aalilall cjLLjjljall 
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Endofullerenes 


AalaWI cjlLjjijii) 2.2.5 


CjliijJ ,jil! aIjIc. j C 6 o ^ <■ q! ^xj ■ " ' ^ j ^ ^_i]l ^_j c v i I 4 lii ■ nV I Qja 

. (Jdl ^ Ajjj^)^. A_d j'q "ic. dale. ja~n a jl dal J)l Vi^l <jI£aV Lj (jt£ I jl La 

<_j^aj <j\j dalj^)djj AjL^j)UI dal^ludll Ixj^)juj I AA ^^ic- «^^l ^ 

^JJ jJ jill A_aili»A]l ^)j-aljx]l ^j-o <c.jj!a *Lc. ja-^ a jUl^l jaljl! ^ 

llilL^. (g_l (jYI ' J''"' ^ jpljCA]l ^Jax ^ (jl ^11 ^ 13 5 (J^jaiil 

2jjjVI j III 4j]Ij]I ■* i ~- j*? -ail) Ic- jj £ jiiSI i-i-v ' l^»i +3 (jlj (+3) CjVI^. jl (+2) 

j " \; ^ ■ u .isa ((jjjJjill (JiJj fi diljill oji* (jl Laj . (-Rare earth- aj^Ull 
.(Endofullerenes) AaLkUl CiljjjJjall J (Endohedral) ‘^■j’21 aJaIj Oliijjljill 

"A^jVI 4_iLkl J 4 y.\* HI i" \\ i \^\\ ^111 (j A' 1 4_Ldjoli]l (jlj (j-ix-d jUli.1 ^aJJ LaAic. j 

4ja (jc. iJlal £t_^al J£cij CjUjj^JI oAA Jliij . (Metallofullerenes endohedral) 
4jj jj^Lj <jli • (Incar - fullerenes) iSJaLanj jl Sj^.UiJI CjllijJjill 

(jj^a]^]! (j^i Cljl jUt; 10 (j^i L_l^)kj Lo Ajlj dijl oAA o ^jlLall Cllljj ^All 

• Ajillll CAjjx . .-i ; ^llijYI (jAalikjl t . 'wiii ^ jlill 


(Xe, Ar, He) Alnill dil jliJI <■ aiA ^ 1 ■ >»_) ^ 4j A, 

lb/in 2 j 1000°C-600°C) i jauJaj daL^.^p dc. 

^aJJ He (J^-dj ^LajA^U d^ -0 (J^- 0 *(40000 

^tVia^ Ajj^j cJ^d’ (j-° A-ilc. 

(jd^)l! A_Ia-uil^J ^jolaII ^j^a 1 AjI dll^.^ »He(Q^C2n 

(jA ij.w'il Aj^dll Lus Ij'jlV) 1 'i jli c He NMR ^ ^ij^L1x-a]1 

dal^jj ^g-A ^>di Jlla Adaj ^2 (CjI^jjjVI) Jjliiill 

(Ji,|j o^a.1 j (jJ^ o jjj SJLaj 4 jjj_ 3?JI 4 » ;■ ^<11 (JiLajj Clii^ i j_jLuijill jl jy^. a jiiill 
4_ijtu 4_*_lila dll^ dlljJ_3?JI o^lA (jl (jJaj) ^aL<i4A^U ^jjlLall (j^i j 'N^^Cgo ^ ^60 

(Odd unpaired i^ljl^a jjc- a^.Ij i .ih.i (Paramagnetic) 4 

.(jjjjlll (>aii (_i=».la jjijoija jl (jia.jjli ojj is \c. jSj^a electron) 
^LuA^J l^a o^jjIa (jadl >/T\ (^>^2 ^^2 "Aj^jIx]| dal^j^" 

A_iuj dalsAiLaJ ^^2 (Ja*Wa\ 1 ^lyqnuAll 1 ^-a 1 .'W'uJ c. !>Lda2 A_iidl^ll dalla^jjl^il] 

.(Quantum computing) A-l«ja£11 
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yh .N@C 60 jUI -endofullerenes 3jlib AjLjjIjs 14.5 JiuJI 

Sc 3 N@C 80 Op# (A •Sc 2 @C 82 


Metallofullerenes A^jSfl Ajlilj CiliijJja <14.5 JS4JI ^xiajj 

j ‘Sc 2 @C «2 j ‘Sc@C «2 — j aILm (m 4 a. representrative endohedrals) 
li& .(Sc 2 @C 82 ) <Sc 4 @C 82 j <Sc 3 @C 82 

Endohedral AaPx-aSI CjliijJjall 4^.jVI j-ix -0 JlSijl ,jl Jj ojUiVI jialj 

djjiii-a UjLS (jSLi ^ (Ni cJfxijllj ‘Fe ApaJ j <Co cJUjS — SI jLa) metallofullerenes 
2j_jjlj]| t-jjjljVI ^ a£j!Uui (Catalyst) ojli^ 4 yz (jjlx-all a3A 

(KratschmerHuffman electric-arc (jLaSjA j^aJSIjIS ^Uj^SI (jajiSI 
ojj 80 — SI djl a 2j_jjU]l 4xj_jj jlSI (j^aliiiVI si iljj^ »aI (_ 5 Aa.l J*Jj .approach) 
SjxjS •(— 0.8 nm) (_>a liaVl ( _ s li.lill ^>^ , 1 1 <JiiVl A ‘U_^j5 


4_uj J^jl <£. ^jfLoj ; Jllall ^1x3 . <j j3 4 .\:j^ sllx. ^ ,*__] jl l_jIx_£ 1 ujV 

• Lu 3 N@C 8 o ‘ ojj 80 (j_*c£ CK * 33 A ° (jj^J u' Lu 3 N 


lTi ' jA J I^laljj J^Vl C 8 o l)JO^ u) 

A 3 N Ax .Lu 3 N Ajjj^^JI L_jLiC. aj^'iuu ^jjxj A-^- 

jjj*j .(Lu 3 N) +6 @(C 80 )- 6 (j-^aa jl jaluiYI tj jWi' ClAjjjpSJ] aIuij 

^ L )- 0 <aili-A A^. jYi A_iiklj AjjJlx>Q dilla^Jja t^jc- jl^luiYI 

<Y t Sc = A ) A 3 N@C 8 o (Trimetallic nitride endohedral metallo-fullerene) 

J] ^ j ( Er ^ Ho <Y <Gd 

£A^a 1! (Jc-lij ^9 A^. j^\ Aj\*n13 qAju* lxIjjjIj (jx Yj 

# f 

A^.jVI lllxi 33 j .4c. jlall Cilli jJjiSI ,jc. 2jjlLa (Regiochemistry) 
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cs^ A ‘ ^ J i ^ L ■ J ^gS jUjjJI Ajljlij jjjxlil A_iikl.}]| A-iiJa-all Auiijjljall 

pyracylene] jjluJ jjJI xilj-a JJ A 3 N@C 80 jaIsj <Uaij (j* . A-ra. jl jnll 
Jat Sc 3 N@C 8 o J J) J^J -C 7 o j C 6 o cs* Jtliill ^Slj-a 6 ‘[( 6 ) 

(-jjjla ^Jla A L» Q~' ( _j£-oj Ajl V) (A_l^jjAi]l AiLjaYl Jlllifc-lij C^q (_ja lylc-lij 

— 3-Olie (_>o (^° Sc 3 N@C 8 o — H A^Jbm gjjjj 4 (JlfLail Jjjjj ^gixS .jiSI AjjjJa* 

1 ‘2‘4 _ triclorobenzene ^jUII (Refluxing) ^L?.jl 6‘7dimethoxy-isochroman 
^liil j fgj ajjaLLall AjjjIJI A_mJI £-a A_ln>d]l (AddllCt) Aj jLa o^La (^15.5 jlajl^ 

jj-a ^oLl>a filial A-ljl^-a] A-kJj-llI oj& ^jJajJ *15.5 cJ^Jall ^3 (jj^ull ^Ic- lad 

. (jjjJlc- Sjlljj Aj^llijlj jjJaaJ (jl jfLaJ ^^jll A_ljA*_all j-a oA).la. TNT 0 jLa 


^ jjJa jJj jijluj oJjiaJl CjliijJ jail o-lgj Ajlc-liill j 4 _iil_i>aj£jl 4 _mll oJjjall ^-aliLall 


(Jl 


.(Host-guest chemisty) <- 'lu^ill — a-Li^aS o jua^JI CjUUsjVI CiIjLoui 

(— A' ljlla'il l jja 4 _x_ujIj <£. ja~s a ^^9 ja jI^aII oIa jJ^laLi] liilsl tiili 


.4_i±Ulj 4 j^nl ^ jaII j ca jlkJl j 4 4jjan3Va» a'I tA^jjJa 4 4_ij 



Jjxili (Diels-Alder Reaction Scheme) Jc-lii kkb* 15.5 

3-jlaaJI ja jib 4 jaI) ja) (jLuuil Sc3N @ C80 
^ LU bajil! kaJ! . Sc3N @ C80C 10H10O2 -J 

•5 JA Ajjokl LllbLull . JjjlSj <JA ^LjUII 


Potential applications 


cjlLuLUll 3.5 

»» * 


Ja ^3 . jVI 1 nki dll VVia'I j jjjJjill dllniaJ ^S<lA\ jl£ 

dliA^j t C 60 l>^ (Macroscopic) Ajjj^L* dliA^ S ^ 

^■bjl d^Li^-uJJ jc. (jb 4 cilli jA 
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x',) di nj)*dn<a A^^uj (_J ^3 ^jjQ jLUl ^3 ^JjlJaiSl 4 _*_ujI^ ^jJ^iS^All 

U jl Cfto U j*S \a\\ ^juLdll 4_dl^al ^a i— ai-k ^3j .Aj^njll Aj^jlill j| j-all o^A ^>3l jJ 

jlj^LoiVI cijjjj ^j-a SdUa. 4di£ ^"fuzzyball") fluorinated C6o 

S^jlill (jJac*d dij *C6o SI l.J udi <xij^}-all A al^Ml j o^i^Vl C6oF n dAjJ^)aJ ^ n*nll 

(jC- ^jj^jUlISI (j-a Slallui-all ^u^nJ-nae .all ^jj^il^ill ^ajl >/r\ <_j-a S^^J-a]| 

C(J!Lalljj .fi.lC.lj (JbI d±jl£ jJjUij Cfidid^. AjjdaC. A-ijaillaix-a fi.lLa£ c[TDNE]C6o 

Clillj l_g_jl jAjj ^A3C6o) ^-^S-^Sl d2>Li«a j-all (j-a jl dj^L-a j-all (j-a dld^. ^ .~A'u J (jli 

.L_jjL^lillj dAild^u^l ^ djJ^I L_iUajj 


AjjjjJail jill j c4_ijjjj£lVl djllnJaiill c. al'Axil fiLi£-a fidjd^. jl j-a£j cdlSj £_* 

.fi.lclj Jj£! j-ld Sjjj-all Jjli c Ad jjJall djliniaill ^j-a 1_A JJC. j c (Photo Voltaic) 
A-ujLjjI ^^Ac. 1 jUal jfi cJliLall JjUjuj ^Sc. c(SWNTs) AjjL^VI 

Encapsulated <ULJ! dAjjjJjill ^ lS ls^ *-S_b 
jdaj^ jA La£ c(" peapods" jl Endofullerenes) dAjjjJjill <j-a j cfullerenes 

L_Jjdl ^ajL^i-^1 ^-all j^ilLall (jl . JflLall La2@CgO — SI (j^-oJl J] 16.5 (J^-dll ^ 

C_Lidall dAjJ^j^. j cl g_ui£jl C Lidall djl JjJ)^.j A W dll JISajI jA (_$ j__jU3l ^jj Jj£Jl 

<*_dal_k dj^lc-lij ^Jaj ^liSl 4 Wg <qH .iIjaSI (jl^-aljj . (SWNT) jl-laJl (_£.lL^.I L_JjdVlj 
jld^Jl <_£.ll_^.l c_j^dVl j ^A^.\ dll jiJl jl JflLJI U^.J^ U^ 3 S jkuJ 

(Jjtallj _jJa nj (3 -0 AjuAj^\ djlij^-all UJ^ 3 (SWNT) 

(jj jid J c \j!>l_k j cd-AjjUaJ] <-alA adid^. djlj j£-a£ AjjlLa^jUll ^1 j-all dA ^Jl 


djl j jIuj J pl JJ ^JU/n'l l^kj-a ^a .1 I^\ A£_>d ^ 

AjJj 3 Ajjjli cr^* (FETs)(Field-Effect Transistors jdfcl! 

jl ^-all ( 3 ^ ,\vwll l^A ^ajl c ^j£-ajj c ^6 (Jj-a^ll^ c_jLoli]I 

" peapods " SI a! Ia. ^ ^Vl jA La£ c4_ilkUI dAijjJ jill j jlVWlj Aj^jUSI 

.a!>lc.l <^-daj-aSl 


6 did^Jl du-aSl djl ^jj.^iVurixtSl (Jl-^-a ^3 Q^lui a ^C - 1 ^1! djlAillaiiSl .a (JxS 

c ^^3 ldii-a ^ C60 U^.J^ Cj^dij ^jls . j Ausi dnll 

<C.llall (j-ai j ^ (Protease) jldjj JJ 6 Jllall ^^Jc. c^JaJI 
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aJ^UI CjUjjJ jill CjlijjJjill (jl ^jjuj ^JJ AiLiJaV^ .(HIV) Aj^joJI 

l j±^S.\ ^1 (In vivo) 3j>* jj ^' Aj'^c. 13 jjJa did 3 I 

Ajjj^. jla-Ji ^gic. aj j3j Iai^. (<_£ jiJI) 3 ]j .(Singlet) tj? ji 

« ^!>LxJI ^3 A n* x> l_2/ld t fll ,^'util ^3 A^i^Vutil cl^J 6 DNA II 



jc-uilluLa) .(jluull ^Jl) c-jj 3L j-a jt^a. 16.5 JLuaI! 

. Jidl ^ i^l 3 ^jj£]| 3* 4*j^l LA2@CgoJ .(Ph.Avouris 3* 3^1 

.(D.E. Luzzi 3* o^! fr* ^uYuma ) .(oaaA\ ^J) a.k.a PEAPODS 

jllJJ o^C.1 j Islil A_iiklj ClllijjJ jj3 ^ ^ j3jl 1I ^ Ac-1 31 

(_j-ali3l a_j3 Cliijjl tdV^ll aAfc ^ ^^3 j . ^Jjj-aLill ^3 AjA^. 

^3^° A-i^^lj^l A ~n dVl ^jc. 3^ 33^ LS^" 3jtfj^l 

A-ij^.^u^n'l 3j3l JJ 63^1! oAfc 3 -gJj . ^ aJI-^- 11 3^W^ 
L_LiIajj ^^3 dAjA^ ls^) A-^-dal j A^l^. <3LiA 6 31 3 ^ .Ajl3la]I 

Aj^jLllI 3^31 &Afe 3 ° AjjC-^aII (_ > j-3L-ad]l 3 ° ^ 33 A Aakl^l 

. Hydroxy lated endofullerene AJdta Ajlu^ jjAiA dLbjJjS 17.5 3^2JI 3 ^ .Saja^JI 
.£.131 ^3 Ajljjj 3^’3 3 ^J Aj\33I jh\\ ^^3 

3 UI l_i^.jl (- 5 ^* f &Aja 3I dale - 1 u3l 3 I 3 ^ ^o^l LS^” 

c A A^3I ^pld AJ ^jUakll 3 I ^dal ^11 3 -0 ^ V] tlAA^-o ^3 3^3^ ^ A-iLkl^ll dLb^jj] j 

.(^ j 1 ^') :(gadolinium) ?. j^*J' ( * ) 
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(Jal .llA L_flLalj£l q \ (jl lljlc. J .4_^jJal J c3,J^ V 4'lg ~N j (j^J 

(Jjj-aj 4_1 uj 4_1a ^xj" cjjj_j£ ^jjaiiSj^ll 4_J La£j . LaIo ^jj^iaiC. 

" . A^Jajua-al! (JjJ^)la ^JojuiaII J^joi t4_iJ^)x]l Ylg 11 C5^] 


Further reading AaIUsaII £y> 4.5 

Discovery of fullerenes djtLjJjill LiluuSl 

H. W. Kroto, “C 60 -buckminsterfullerene the Heavenly Sphere that Jell to 
Earth ” Angewandte Chemie: vol. 31 (1992), pp. 111-129. 



(Hydroxlated endohedral 4.Ja.Jaa-t AJu^a 17.5 JiuJI 

.fUll (ji j OH JiuiSjjjjfSI Ac^ta-4 iaLij .metallofullerene 

W. Kraetschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huffman, “Solid 
C 60 : A New Form of Carbon,"' Nature (London): vol. 347 (1990), pp. 354- 
358. 

Robert F. Curl and Richard E. Smalley, “Probing Cr,o,” Science, New Series, 
vol. 242, no. 4881 (18 November 1988), pp. 1017-1022. 
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Properties of fullerenes 




P. W. Fowler and D. E. Manolopoulos, An Atlas of Fullerenes (Oxford: 
Oxford University Press, 1995). 

Andreas Flirsch, The Chemistry of the Fullerenes, Organic Chemistry 
Monographs (New York: Thieme Medical Publishers Inc., 1994). 

The March 1992, Accounts of Chemical Research thematic issue on 
Fullerenes. 

T. Akasaka and S. Nagase, Endofullerenes: A New Family of Carbon 
Clusters (New York: Kluwer Academic Press, 2002). 

Applications of fullerenes dj Unkl 

The May 1999, Accounts of Chemical Research thematic issue on 
Nanomaterials. 

The July 1999, Chemical Reviews thematic issue on Nanostructures. 


Questions JjIula 

a-liud!! S^Ljaj ^ul^al (jj C* . 1 

I ^ t Laic. 7 5 (j-Q J ( £ I jjJal c Jliolt 

ja j Kratschmer-Huffman j* “ 

t I jLol . 1989 ^Ic* ^a o^-a d) -0 Ajj^^Lo CIsLlo^ 

j (jjja ci^ o-° 1985 ^ djlbjJjill 

jVjia U* ^60 ‘2 

ajjJI <_£jL^.I ^ tJajI 

J jL Jaia j cAc.jj qa Jjja ^.1 j Ja£a c*1La (C 6 H 6 ) Inuajl l (Monocyclic) 

oAA 6 *^1 J A_Lajl J 

Ajjj^)^. A_p 11 dilc. jAa^all jl tj?\ £iSjJ ^^-3 A-al^JI ^A La .3 
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hjiui) c-ujUI 


Carbon Nanotubes 

/*\ # t » » , 
ts (j>\ JA J j j*4 J 

1 j'l at, ..**> iLuliluuj AjVj . jl ja 2! 4»uiAiAj jWi3 


La£ ^ILxJI ^L<uA|j ^-ic- Vj ' J ^ ‘ L 'J ^ 

' ' ^ 1 2A ^aL<aj&^n fi'n-'i^ ^_lc- Ij^I^joj _J - Lujj . 4_]^jl_i]l L_iljlj| 

(jl i^A (jl La£ .^DNAj ^jj^liAl AaJ^JjaAl C_fll_ujj£| 

Aj3^)*_a (J cJc-li j ^Ac- Ajjj^. ^jjc. ^aC._j tCl: iIjj^^AI aAA 

^ (JA-qj Cliilj Ajjj^)^ Ajj^JI j\ jVs'Al j pLixu^ll j 

c* i.h'i as Richard Feynman ^jLaIjIs a^jI (^°j .cijL^jLill ^-^c- 

ciL^jl l* 1 (JA-o a^)j-alx-Q jA‘i C‘u>ijC. J 1959J ^&l-*Al Ll^.^]jpS*Al ^jC. 

2 c^Lui^.^U £_iix-aLi]l ^ jg K. Eric Drexler ^Lo^j^ja 

.Ac.^j ^,0 Aj^)A]I t-aAii i jAg ^ AA L-fll * *nSV 1 Ia^_j 

^jujI (j jjUll l_j ( jl ^a c_jljjajVl a^. 1 cJ^Aj ?^LojaV1 Iaa IaLaI (j^.J 

C* Uj.nl Alinjj cl (_£ ji li l_j c^isl ^11 c ^A l_i I cs-^ 3 J 

.(lUPAC ^ AjiAiLalAl j 4 "A A I g.1 jxnSU ^jVl-^Al aL^aVI s-La^I ^»-uA sA^jj Ajq*A,a 

Loi^aLq c\jq*N Vl^-o A^j^IaJ (J* •n'i c b^)\Xi.s-i Ail jJoaxiI ^jl 

^J^TN A*lH cAjIulq ^ajujli A_jlilAJ oAa (jlj . 1 Vnx>J 

( ’ Brian W. Smith and David E. Luzzi, Department of Material Science and 
Engineering, University of Pennsylvania, PA. 
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6 JJAaII C1}IajoiSI <JA SjLxl J Aj^jLil! (jjj^£]| L_ujljl H^ll l^A J 

. a j u xxi'l Ail ~s ^i 

^gi , N ijq»"ill AjuI j Aj^jUl L_iijljl (jl _jA A_iaAI j!i£VI j ^lill L_nxJl 

A3 jiL j^J^)£ll djl^ji jA 6^.1 J A^-ii-k-a AijjaLAll ^iC- 1 g“n \\ jA J.ljJ Ia . 1 g'lllbaiJ 

Aj^nJ-Vtll dal jjA]|j (j-ajL-a^JI j>A Ac. j-o^-a l^jLiLa ^3 (_£ i(JLa^]l AajI^j Ail ^3 
Jjj^jj] dj^liLi^ jl Ajjj^. cil!)Lujlj ^IiLqIa ciUi jl£ ^.I^juj . IgJ JAa V (_gAI cS^Aa]! 

Sjjj ^_i Aj^jIAI j^j_^£]l l_iij 1 jI A_iA^j jli l)^ cr^" J «£J--ft ClAAj^. 

.aIaj^a ^j\_iS\ Li^. j\ 


History 1.6 

^Jl ^ A*Vn Aj^jLill j^j^j^]| L_iijljl jli 4 jAjLaiSI jjSx^qH ^3 ^->Ja ^a ^A La£ 

jaVI > l^j . (carbon allotropes) J^liAl jjjj£]l J) SAUI jjjAjill ilftc. 

LiaaLujj A )-i n^AI j^^£ll j)A A_il£ j^£jj Lgjli t(_£j^)AI (J^AI Clili l_gjl 

. L_3^A J (JijLa (Jj^JuA 


(Nature) aA^a t (cJAL C60 AlsjaJI o^A (jc. jjjSj J jl ^>2ij 

A _nj IAa C 5 Q £(_£ jAI AjjaJj . ^jajI j A_xaI_^. ^ jiiAAl jA (jjji (J^ j* 1985 ^Ic- 
(Buckminster ^i jiuiiA^^j ^^IaaA] s j^A^AI a^ujjJjj Al l_sLA 1I jl 
" jjjA jflju^j' _j 0 jj$AJI AWill aAc. Ua ^Fuller's geodesic domes) 
•l^] JjS t> 1970 ^Ull Ljiij C 60 Aai? cii^ jA ASj .(Buckminsterfullerene) 
j^j Aij-aLiA i**^*ia 1996 ^»IA g.1 jAj^ll sjjA. u' ^E. Osawa IjAujI 


^JLajuj An j j t c3^)^ — t3^J^ O -0 (JJ^a^uxiaII 

.(Iujj^j) Ij'ac. C 60 jiil Ajj^^. jlil 


l^sU^l (j! V) tAjfljAa. Claljj^jJjS ^A Aj^jUII L>° 

Aj^jUI L_1uIjV (jli ctilli ^JA • O^Q SI L-fll aITi^Ij O^jJuUa ^S 

Jkjllj vapor phase deposition (_^^)1,A, jll ^)jJaSS LjJJjuj^oSI CIjIjSac. ^3 Ia^jj^. 
^Ic- ^ j .AjAiliiill ^j^j^)^]l l_ fllJI AjaVi Likjjlj CIiaj J jj _i]l pyrolytic j=JI 
4£jx!i ^ya ^R0Q6T BSCOPl^ 1960 

(Graphene sheets ojalj=JI lJjUu^ ijl*\\ J ^ L5 k.) aaJiM\ ciualjiil cjlLL 
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^ CjULj AiLao^l ^c-Jj ; Scrolls (J£joi ^ic. Cliil C5^ 

j 4(Peter Wiles) ^Llj cJ^ (j-a^}il o -0 dydic. u^ s- 1 ^)^ da *^*aj 

Ax-cU ^ (Brian Rhoades) ^jj oj'jjj ^(Jon Abrahamson) jj 

<_)jjj3 C5^ UJ*J^' LT^ J ^ j bid! ^gic. 1 j)d*o"\ ^j| 

(jc. a^c-liLoj 4^^ >dl S.W**^ (j^sl^^J! (j* Ai^iLo clAida ^a 4_aldV! 6 dfc c_a]\jj ^.4K dll 
nm (_£ 1) ojllix-dl A-iiiSl^xJ! ClililLdl fijlc. (Jj-aSJ ^lill AiLuidlj \W \ g ks~iX \ 


.(0.34 


(SlimiO 1 jxoj-uil Aj^jld! (j^j^£ll L-njUV ^ixall c_al dn^V \ u*m 

^ j±u (J^. ^>3j 41991 NEC aS^^j! aIac. JXk lijima) 

.(_£^)Jj!ijl£ ^ t^iar u^-i ^^dl tilld Ig-Jjoi £J^)idl j3 aJojuj! 4»u/iJ <_*lbu 

^ f 7 K I 

^j-Q Ajj^fd-a t *. \jjdl " L<u^jj L_daj 4 Nature (JULa ^sj 

.1 jam J] J jlal j 30 nm^l 4 nm ^ a_^jLl jlki! cdi " C5 jjaljilt 

(.“ t*\ u*o! La ^jlc.^)jai 4A_1 ujj^) 1I C—fidxdl AiL^jld Ajldldl . W'^ \ g K d c > t u*nj 


Multiwall Carbon Nanotubes- ) L_ujljl ^JuAj 

(lijima [et a I . ] aj£>Lajj 1 1993 4idlj .isu .(MWNTs 

(J£ L_alljj 4 aJjLaa L_aldl ^glc. 1 ^3 (Bethune [et al.]) aj£}La^j 

^ojoij La 3d ^£3 . ’ 1.3V n m ^^Jl Cy* 3d 3 £ *^1 j j J-iAj.il 1 g i<a 

^IxJ ^ qj'q^kll ajIiIaj (SWNTs) jl^JI aj^L^.1 aj^jUI L_njljlj 


. i :> n.w\l Ajlidadi CjljjjU]! 


(jjll (Acronym) AjIjI j$\ SJialll j* "C" <-iia. cAj^UI CjLujVI ^ jIjjcJI j-a : 5Ja jal. 
Jl 1 "SWNT" jj-alk-dl _J^dj 4 JHJI 4Aj^jli]l L-lljUl 

j c > lutii *C ^^Ic- j V Ail 4 Aj^U. 1 Aj^jlill 4_nj\j| 

.A-<^_a ^ ^al , W'n^iVl ^^3 Ad_>3 ^jli 4 cJ*^L Aj^jLllI L-Ujljyi ^j-o L$ 


AaijjaJt Jj2j AaiijaJI ^uJ\ 2 6 
Molecular and supermolecular structure 

i—iuljVj SWNT jliiJ! ajjL^I Aj_jjlj]l a_u_ilj v i ajjoiLuiY! AaiJI AALaij 

AjjIuia A^-ii*-a Je. MWNT aAAxj-a Aj^jLiil _j£JI 

jjjjS diljj (> aJjjjiJI jjal j* Jl i_s]hij .(Planar graphene sheet) 
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(Overlap) ^ja • ^6h ^-iaL^-a asi^aj a Wg ^sp~ 
^ic- j$ lS^ uiaII di^jj S^x-g 71 ^jj^ULq 4 Wg a \1 Pz 
. (jjsl (Jj^-a jiillj j ClAi j jj^C)U AJlxll 4_iLlL ^jlx'n 

iaa. (jj^j Ajh j>3a**)l Ai^iLc 4 l^jl ^^Ac. SWNT 

<. kill ^ja ^ ^ill IAa i 1 g 'i Jo a til ^ 3 ^ (j^lall cl)^ l^ILaAj .(Seamless) 

^ LjjL ^1 ^»jJa (j^Aj c ." ^ja — (Wrapping) 

jA -LaULi]| C A Via ^1 <j!j • (_£ Lgx. ja~\ xn (J£jojj] A 

l aJjIx-aIIj c. jJ ^j^aJj CL 2 J Cl\ AaJ^}]l Jalaj VtaI ^ lr\ 

c = na x + m5 2 . (1-6) 

villi ^jjjlii . ^-J ^-LlbU Xal£ Ijj oL lii^a j ^ /77 4 /7^ (jl ^)joi^a]I ^2L ■ " 

.1.6 1 lla-lla^J 





As .’, j l j*t SWNT jlJaJ! jLt.' ,_j_jjLj /j_jjj£ i_ij±j! Ai!>lfr ^uajj ^jJajJaaj ^uij 1.6 JLuJI 
JllaS i—ijAiVI jji^a t (4 t 8) ^jjU i—ijijV i-illl 4^La .(jjSljAi 

^lui 4_ujUI jj ^ i \ ljjjUVI ^j.aa. (jl . AjjjauiJl ljjjUSH .Lift 
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^9 (JaLoi) Chiralities ^ ^ajjjII jj£Jlj a qli^xil i. t n AiVI jUa^l j^a jai*_ll jj 
4Ai£^ (Both left- and right-handed enatiomers) ( L£r iJI j ci <> 
(Chirality) (JjLgjII jla ia^JI . l.S^nm Ja9 4 _j^j 2)U jl o -0 ^c*JI cr^J 

j^j — j^a Jajl jJI (j^i » ) AiV (Helicity) Aijl^JI \il_i^.l 

. L_J^jjVI J C Vi \ J jLalA Jj A J-Ngixi A^jJaa 


J jjsl jjl c_al jj . .1^. jj jl j£xa Jill L_iialiVI £^l jl Jc. J jj 9 cilliA 4 ^* i3->\Ij 
£jJa^-o!iA]l AIbI^Ha]! Aj!>lfi]| A_iJjjJI Cil jli-ail (JjJa&all (_£jJjuia 1I aL^il o^jjoj Ail j3-i**il 

^ u^njj 4 Ajjjoli]I li^j A_Laji^)-o (Strain energy) ^Jlxijl AiiLLa cilliA . j^jj£ Sji Aic. 


A^-iij-sa c_al ( Jc- (Jaxj ^J1 A^Uall C* n^s. ^j-o Cil ja _jac. _j\x ks~i ^yi Jj Ja£ L 'ixs?) (J£ 

Ja^ll Cili SWNTS jliJI Ajjl_^.l Ajjlill L-lialiVI jl Ja^iU 4 4_i±uil I.J . jjjjl 
Ijl j£J J£l jJVI L_ujliVI j^Jj Site- j c Lc- cJ^I j^Ji 1 nm Jl^^- j^ C^l 
(n, L_iijliVI j* c (Achiral) a_JI jjll jj. l_iuIjVI j* jlc- j cillliAj . J ^Vl L_JiVI 

4jlji]l Jc. c" L g-uj^^ll ^Iji" jl "<U jslLoII L_iijliVI" j ULJ ^g-Ajoi j .(n, n) jO) 

(jl Aiai^JI j . £* L_alJI Aau oL^il (JJ 3 ^Jc> j_^_J — Jaj! _j_j Ci^Li^joi ^ n^n ciilij 
L-illl ajc. j J Ijjj ti jJI fjLJ (Structure-property) <mll aj^Ul lij 

(J^l* J 4 filial jdJ-G ^A La£ 4 Jlioll ^Jc. .A (j>a jJJ^ll (iili£j tSWNT 1 

Cilaj-sall oAA jj . A\t.syjA c. \>.sy\ ^}^-VI (j^axdll jl j^ (__g-3 4 A j V^ar ^ j_$^ Aj^jlill L_UjliVI 

L_li£jj ^aJJ ^aJ 4 jVI * 1-6 (J^joJI LiJajI l^_iSJ jL !aa SWNTS Aq'j^.a '1 A_ljjjJ^lVI 

. i" nutnll ^il^.1 ^giiJIjj^ jl (Monodisperse) CiiLaall cili A^jjli l-iijUI 

aiA jl j-«a ( >5 ic. 4 1.4 1 0.5 nm <>^>1*3 (jtiaj uj^ 

. (Growth parameters) ^1 cilk^^ bUk .1 ? lijVi 


^Jaj-u jiSiij jill CjUj j^JI j-o ^ ji jA j Chiral molecule ( Jl jj£) jjl ^ $■<_£ ja. 
cilia jail Jl jj£ oja* jj .ALlLia jac. j£*-a a a! JUIUj ‘(Internal Symetric Plane) 
^Ic, JixL-sa-a jjl^j .(Enantiotrophy) AlaLcia jac. j^jj£ ©ji ^j^-j j^ jla^.VI J A^ili 

Jc, jjallja£ A_laal jllaa t»ljx>j^ll J j-a Al a^jj-a ^x-o AaAjl )->^ j^-^ V LJU-a j 

jaja^jja! jl ‘(Enantiomers) jajLCajllj jajjiiLa jjjjl^ jaaaj^a alj-all la jjj-a ^^uaij .Ciljajail 
.' j^uiall Jl"j " j.a<ttil Jail" ^jojIj ajLiajl ajjlilall ^IjjVI jJJ*i l-° Ifilc- . jaa^x-aj 
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AjC. 121 Ajjoiill) V^a <_ja dill* a JlC- A^IIaaSI SWNTS II (j^£d d 

jjfl jUI !A£ dc. iiflio (1000 Jh ^ ^ (Aspect ratio) aaUjII J 

A^JjuJ ^3 A-lujI-Ad C-JjJC. AlluJ (Jldjj (J^ld ^j-Q x'lij \ Ag d t ^JJJ J^)£ L ^x^o'i ^JJ^UaXJ 

. A_luj| dolll (j^l _>^l 


(j]j 6 (5j 5) (_£yLi]l ^-Jjd-^S A ~\J~\ x^lll Ojjaiila]! A \"\A) C 50 L ' <i ‘'-s~ 1 ' ] (j] 

JlldVI Clllil^. Jl ^ A*Vn ^ill (j^^£SI SjU ^j]j .AdS-AA ^)j£VI OlijljVI djl Jjaiilal 

dAii^. yj 4jx)Vix>ll t^iL AsUa ^yi (Strain enerQy) Adlx-dl Ailia aj-uA a-nSI 

.Aj^U]! L-lljlj^yU ^jLiaj^II jI^LojVI J] Aodllj A-o^-a L_l3l jC. ^}aV I I^Jj cJa33 A_1 auI.1uJ 
j Ldlj jill ^_2j dn*\ 1 A-iSlc- SfT Jajl JJ jj ^jujLddJI Afjlia (jli 4£3l j]| 

.£j| jll Jj^iill y <L-a j ^dl ^(Isolated Pentagon Rule) J jjxdl a^SI jylS 


(Structural perfection) bjd Vl>£ swnt _S jjlj jl* JLi J c> 

jLJtfl i ^3 ^C-d (_^^l Cll3^]\jj . x«aVI ClAjJ^yJI ^^3 £3 jJa1I l_jI^^JIj 
ijiui Jj^ui <j gJc-) <• . \)C. ^1 .^jjdVI jdd Ajl-ixjj J^dc-Vd dd (jl i. Ail Vj 
. S^jl^aJI A_2k^)Jj (Jidll AiilJa ^ic. JlaIxj ^J^^ill ^3 ^jljj ( - 5^ c ’ l£ J*^J (a£jjoi!I yi£j 
(jl J • 1 ©V Jjdk. ^3 Sjlc- d^llidVI dlsUa jU 4 1 ^ 1 ^ li^lllkl L ‘ < a\"i Vi l$j| £aj 

^ $.|yJ AjuJaJ ^1 (J-^aJ d Aj^S 300 K dc* ^Lil3 Cllli^lllkVI odfc 
100000 (j-a ji^l SWNT — SI (j! Laj .1000 K dc. ppm ^jjjl^'l 

Aic. (djl^)jaL*JI ^11^^) L—JjJC- <slj£ ^gic. ^jl ^_^.^a]I ^j-Q <jli t4jj|^)3j 

o^ixj-aSI L—JjaxJI <sIj£ JLaI ^jl AuS l^S j£jdall (_j-a3 ,A_i]L*JI o^I^^JI 

A3^a-«JI L_iijljVl^ AjjjI£ J£\ C-J^iC- tiilljA J . l_1^jjV I (_g-Sc. Luj^aLg I ^)jl 

J o^xjj ibli^l fUJI J jJI ^ l^ic. c. V & y jti\ (Partially severed tubes) 

. (Synthesis) Jill (Stochastic) Adi ^Ikdl yi 


Ajldldl ^Jajuj^LS Delocalized 7T complex ^Ja ^- qIaSI m* aSI 7T SI ^jl 

4d\jj £-jadj Ajyuii L-iuijVi (ji aJ jg **)} y^i s- 3 ^yv i a^jL^ji j 

AsUaj ^IiIaa ^jL-aiill 3-Vi j . a, T^aj a’’‘i Vu^ia (Dipole moments) L_ilaaSI 

o^a . ^j^iajSI 1 g \ cl ild^yJ van der Waals 


.yu^VI 


■ O' — O - -77 
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SjIc- ^lill tAjjjL ls ^ SWNTs 11 ^jlaiill ^ jaVi'I (Affinity) <i]VI 

(Gross (Jj^jooII x> JUaJl qj£jj . (Ropes) "(Jl^ll" j 

J .L-u£jiII c> U^bjU ^jj SWNTs _11 xSjloll morphology) 

^(Agglamerated nanotubes) a IVnaII Aj^jUII LjnliVI jA CjIIq L5 _Ic. JL»JI <_$ jWi 

L—UjJajJ .^-aIsIiLq ^JJC- Vt^-^l jLl^VI Qs~** } AjjJa^)xll 1 g x JoLLaI jjj 

Jajai ja £_a Vi£}Lj tg-jl ls^ c ’" * U.^ v*_ujL/l j (P acking) 

1.7 nm Jl 1.4 nm ~ jLS cJi (Lattice parameter) C5 ^ 

jliic.1 j^AJ V 4_jl Vj cVfcjLol L_lljJajjll L_3 Jjc. jl jA ^C.^)]| CS - ^ 

^c.Luij <LELaa jlkaL L_iijliVI -laia Ljj .vJLIa l^il clg_iA S jj» ^-oll 

juujlj SWNTs II c > ut>i jj jL . jj La-o i. (Cocrystallize) ^ 

a Vi I I j/j jAill JXk (Thermodynamics) ajJj^II ajIiaLdJI cjIjU&VI 
^ ^ jll ^ j . (Kinetics of entanglement) AL&\\ *oIajc4 

J j^aj jjxa Jvb (Chirality distribution) ^IjAll ^jjj^ll jU t^g yk tt 

^^Illl Vimll V^LuiaII jA <a^^. ^3 l^I£U (_£ jl j^-all oLVjL/I (jj . LjaJ^)C. 

. p jquxiA 4iiLla]| 4_i^.lj jA 4_i!b jc. ^}Laj Laa c (Ja*j jl jljj >P l£ _$^ 1 Igjlc. 

<jL^ U£ liSLi JUaJI oja (Untangling) tilsj (Exfoliating) jjjjj jj 

2»6 J^x^ill L .SWNTs II jA ^)j£VI £ j^ll ^1 . W'uJ ^3 L Vq*i &AA 

.Cluiij3 jj ^1 (Supramolecular) ViLj^JI jjs j Viljj^JI ^^iJI 

^ ijU LojLojI ^ (Multi wall nanotubes) jlj^JI Sj^xIa AjjjUll l-±AS^\ jl 
a\I ^jL^.1 Jj<s a*Ii*i ^^3 c** iK;ii <allVA j^lj (SWNTs) ^jl^JI AjjL^I 

cJjAc. ja MWNTs _1! jLa j uj t (Coaxial configuration) 

4_lj| jliwiVI L-lljliyll ^^C.L*_ialll oLVjVI AjiJall £-3lj£]l j^J ^cLoll jli cCljl jIa ^jlill 

jjj (Jj-alill (c~ axis) ^7— jj^aII £_a jsl jjij ^ill c 0»34 nm jA 
(Correlation) Jaljj^)l 0^)j^)jJallj tilliA .(Bulk graphite) ^ aj^i-^II ciu3l^)iJI dili±)a 
cliVyJI i ^3 jl£ jjj tMWNT c_ aljj ^^Illl <jJ^)ill ^3l c_alll djl g Via jjj 
lilli (jjaslllij .Aj3l*io i. ~~ '\ a 1 1— « 1 (Chiralities) CjLiIIjjS]! ^ a. ^ i ^ jjil*JI 

.(?*■ jioil) is jii s^t- ^ C' cocrystallize jjIjj!' ^ {t) 
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4 Multiwall BN nanotubes Ji j-iaJI sj.i»ia BN AjjjUll l-ujUVI a-» i J£2 l> 

A_iij ^a A_^jlj AijUaia £-a Aj^jLill a_UjljVI t^y> Alkl.Ha (_J£joi i£^ ^)-aYI 


. AjJj3 Ax3j 3 (J£l llaHill Aiilla 



AjMj , .3 AjjjUJI ljjjL&L AIsjjjaI! AjiijaJ jJjij AjjjjaJI ^i4a jj .2-6 JkuJI 

j (i_j( ^aajj (jjJj SWNT 4Jljtxuii kS !l (jjSljaJ) A a-Au3 i_ot (jjjj (!) A »'"A » Jjta (jimlta 

(jr) A*2a jxjma Aj*iaAa ajlii .AHja. <J_$a ( „i SWNTs !l ££aaj <jt j$JaS (g) 

JlLuiV! JJkLa ji.i j jjU i_jjjj| iMWNT i_j jjj| ( j) . Luilii itlLaj (ji (jjjj 

nUjjaJ (jlkj lie- ( ,&) jjai at! Ajjl^i j aJ^IjIa SWNTs ^a uiibj Polymorph 

.SWNTs _JI (JJ* $12x A c4jJj£La]| 


AjJ jill jlAaJl <LJU uxuUSU AjjAj^JI ^aiLua^JI 3*6 

Intrinsc properties of individual single wall carbon nanotubes 

1 .'j' A $ A_laa 2 yLa]l i " >! jA _jL 2 J Aaj^al! ■ " '! la^lak .all j A_LalxJ! dlLlJjVl lllaj 

J-axSI (j-a ^£11 (jlj .Supramolecular Ajlij^JI Jjja l^U-i^nil j Ajjjlill l-jjjL£U 

^_ic. aLi 3J dlLuiLia ^3 Aj^jxj^al! ^11 l_2 J}^. jl^all a lib i C ■ ^ ^1 J^Ajl ^111 
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. &3a ^^3 aJjl j\\ AljlgJI CIAjI^aVI 1 ^jl LiJ^^J c^^LiLall Aj^jL ^I^a]| 

ILa 4,L*o\l Ajjjjj C__ ljl^^Jl ^jC. <LaIc> A_^-a 1 (JjLliuill ILa ^^3 LiA (j^aj^uol I J 

(Nanotube ensembles) ^ mliVl Calc. ja->a ^jj ^1 . j jft'l £- jjJa ja]| 

;4_L-^i]| dili ClllkfLall J L_lljljVI (JJJ ClL^lc-llill 4_2 j3Ua ^jV (MWNTS j J tdL>L-a j 

L_UC jJLtJ t 4_1 jIaa L_jI±ujV J . I 3a JjUaj ^ ^jl^. Ann 'I dAfl^all j 

SWNTs II ^gajl ^g_3 A_iaAI ^^3 ^2 ciilj (jlj Laic. . (Jiill ^-sajL-sxk ^2 ^^_nll 

ajl x^v^ll ^ja (j>i» i ^jl La£ .o.^xaII ClaL^^Laill ^>^1 AaJjoiJ o^A ^>a AjV cAjJ^}iil 

.1.6 Jj^JI ^ SWNTs _U SJaaJI 


^Jl ujliUaiSI Jjj) jli^JI AjJIaI AjjjU j£ uiajUV SlVna 1.6 Jji^JI 

(4juLiii ^jaII jLuujI 


1-2 nm 

Typical diameter 


100-1000 nm 

Typical length 

J*j J _A» 

0 eV/ - 0.5 eV 

Intrinsic bandgap 
(metallic/semiconducting) 

L-aj j ^LLaj 6 ^^2 

- 5 eV 

Work function 

(Ji-klil aJIj 

10' 4 -10' 3 Q cm/10 £2 
cm 

Resistivity, 300 K 
(metallic/semiconducting) 

300 ca^ajILoII 

10 7 -10 8 A cm' 2 

Current density 

jLill 

10-1000 mA cm" 2 

Typical field emission 
current density 

chi, r) ^ jliill SjliiS 
JLa-o 

~ 20 km s" 1 

Longitudinal sound velocity 

4 t\ jL\l dj^x^ail A^^jjuj 

20-3000 W m' 1 K" 1 

Thermal conductivity, 300 K 

K tAj^|^^J| A jU^^aII 

300 

200 pV K' 1 

Thermoelectric power, 300 
K (bulk sample) 

ajjL^^ii ajjI^^ji oj^ii 

(■4 jAjxii-N Aiic.) <300 ^ 

1000-3000 GPa 

Elastic modulus 

<jj^Ail 
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-1-3.6 


Chemical and physical properties 

<Lli _jjC. Aj^UI (j^J^^ll L_nAj| jla ilgJajI A_i±SalSI Ax_i±lall \ un\ 

qa c> (Hydrophobicity) *1*11 ^ (o j£]|) jji^l 11 a .*LJI ^ jUjUS 

(_£j\_^.l L-l^j^/l j s-IaSI (jjj AidxjJa 4 j n-s j j-liA iajl jj ^3 li^jA jj^VI 

(_patiaJl Cy*j c^Lq - ^Lq AjjISI -Sajtj^ta a^ULa (SWNT) ^jl-i^JI 

SWNTs L_jjjljl £Jj-a (j^AJ .A_nlalll ^iC. SWNT SI ^Ja-uj ^ic. £.LaSI "^Jjjdjl" 

jjjjjljjll J!1 a Aj^jJaxSI CIjLijAaSI (_^Iaxj ^3 oj^iuu (Suspensions) ClsLaLtA (Jj^-uuS 

^Ljj ^(Dimethyl formamide dmf) juaUjjs JAiajJj 6 (Toluene) 
Ja^j ^1 jUjill aL IS Lja& c(Tetrahydrofuran thf) u'jAsj*^' 

.* '(Surfactant) ^ ^JajaiSI jjjjll ^a^Lk £a aIaIxaSI jl (Jj3aj (jj^J 

LiaALujj (Jaxj (jl (j^AJ Ail ^jxj Iaa ;jj^j^£ll g.1 jaj*N 3c.ljll Aj^jUI l_iuIjVI 

lg_j| V) J£jaj UjUajS ciijaul Igil i j±^ ^ j .(Covalently functionalize) 

(_£ I AjjljAj^ll Cjl -1 uj£ j^aISj AjjISI (j^aLo^^l! jli^. cJ^jaj <.* nViuii (SWNTs L-iijliVI) 

( j djlc. jA^k a 6(Jja) 4_IIjl 9 A-iilla J ^iaL^a c. l^_jl .‘IViaj ^IlSI 

.(jl_j.i^J! o^-S (Fluorination) s^jia j^Vt diSl£j .A_njl^JI ^jl^^aJI 

jjlWjja. l_LaI j£ jl Alkyllithiums CjIa j/n'^SVI £-a aA^UI Jh/uaVI ClAc-Uj ja jj 
CAS 1312SU ILjJa il*u cJHaSI ^ 4 (Grignard reagents) 

^a JxiJI s^jAja cial jjuiiiaSI jli <x3jj (j^Aj Ia £ j . l.wiaM I (Derivatization) 
CjIjI SWNTs _SI j) U£ cSl&US J£)l I ^ CjjiJ* ^ ji g; SWNTs _S! 

. ^)j£VI ^^1 ‘-Ijljl (1 >a ^Lc.lij ^)l^l (j^£j ^)iu-aVI ^>^^1 


a SI (jA (J£ IgJUaJ ^Ic. S^)l (j| 

.(Derivatization) (jlil^VI Ajc. jj j a^aIa cc_s ^^jUJI j ^^IkUl ^Ijaj^SI 

.*1* y‘u*ij (jl ^gJc. oJLl2k ^^/a^-Laa Ajjoij SWNT 1 t(jj£j Hj^)]all 6A^_JJ 

JjjaVI (_j^ajl j IaaIc-j .(^(_^^i^-1S axjIj CjIjI (_ 3 -Sc* ^ a 3^) (lumen) 


ji 4 JJJ^' L>« U^Lkj CjL £ ja (Surfactants) ^ ) 

_(^.^)1a]I) 4_iL-a S^Lo J (JjLu) (jjj ji CjjjijLuJ (jjj i^g j Uw'll Ajalll j>l 
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&: ia jli wan der Waals J jj jja Ji 1 $ jli<uJI (Physisorption) ajjL jjl 

.AflUal! dlliuJajJj t j 4 jliJI A jq'nl 1 jaMjli \ AjJaII L-lijliVI (J* >"i 

Aj-sdIaJI jjc. j A^AALoLill CLijlc-liAl! Jlllll (Jj-aall ^9 J£l (jjd3l_ilujj 

.<_$ jjUl! q^j^JII l_j 

,<LoLk e.l^^.1 ^^3 Ljlj^. IJJiiuil SWNTs II ^Jaj 

a^,^a 1200 Jl Jwt clA^ja aIc. ^.I^aJI ^3 cJlJu Annealed (JaIj 

(_5^ jj (j]j ^A^J- 0 A^.jA 1500 ^ ic- AjJ aj^p^ djJ^jA ^^9 J j^ax^ill 1^1 £-gIjj 4AjJ-g 
^Jl l_UjUI Jl SWNTs (ja aAjAC. a jj* L_nAj| ^l^All aJJLgI dl_jA aj^kVI ^L^JI 
J jl $.1 jJI J Ijj! 1 g** 1 ! Jbs-,0 Aic. AjJaII l_iuIjVI idl}9l jJI Lg^ 3 . I Ja3 

L_lijlAVJ (j-G (J^l ajj^ CjJ^jA Ale. Ja^ll OJJXjua L_ujlj^/I (jJ^Aj .<1 jLg-G a AjoI^J^G AjJJ 
> * 
j^kij .(Strain energy) JUiiVl <alL J t_£tii.VI JJ I jkj jJYl jkSSI oli 

(jjisj JJ i_jll SWNTs _JI j (Thermogravimetric) JjjjJI JJ j=J cAjlull 

. Jji« -J. 620-450 ls ±& J 


Electronic properties Ajjj&IVl ^^ajUaJI .2.3.6 

Electronic band structure JL .1.2.3.6 

J AjJaII (j^J_Jll c_l_ij\-jl £_iaJ JLiaJII L_jjll (j! J. Jl Jc. 

(j-G 4L_D-Ui]l IaJj . (JjLg!Lg (JAu AAJLg (JjJj V SWNTs L_LljiAl (j^l cAjulij ^JjjLujVI 
4_LgI £ Aii£ <illA (j-G Vaj (Jl J tAjAj CAlAjjJ c.“ u J AjJA L_lijlAl J Jij J jJalall 

(j-G ^ jjJa I a& ^ U'n j . ^ t.^ i V i Vj AxA V (_pajl tAljlA-ol ^Jc. ajjl^ll CAlAj^jJI (j-G 

.a_AjJ£JV I SWNTs (JjL^. 

(Discrete AL^aii-G AiUa caVI^- j^a e.(_£^jj A_AjJ^]J (_pajL-aAJI Jajj J 
jIa-g Jai j (HOMO) J jaLg JjJpv jIa-g Jc.1 qii a j Jib a jL energy states) 
(j-G (Jjuj AjL^all aJUJI SaU (Analog) JaLilll (jlj .(LUMO) (J ^aLg 
( jc. SWNT (jjjj cJj-^ (j 5 ^! • (Fermi level) ^^-g^is ^ JIuxa qa c_jJ11j AiLLall c." \\ AVt 

AiLjalj Li^j^jAj (_jAa*2l >.six \ £a ^ A Wg a Sf^ AjAJ CjI_jA A^.1 (_^jja 
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LaA LUMO j HOMO jtilUJI uj^ 4^jjj^p «^_jj V Laa1c.j .S^)a J£ ^!j 

(_ja Aj^aII Aildaljj .Aj^jIII p z dll jIAa (J^.ljj 1 Ag Vnj (jlH3l J 71 ^jLpj^^JI (jI^)I.1a3I 

SWNT _J . (Exclusion Principle) j UjI ^VI <^±u djVl*2l o^a ^An tdJjifl 

jiiii . JjUojJI £uil j u*au*i ^LuViVI I^A (jli A_ilc. j 4&jjj£ AjJ^) 5 dilj3} 

471 * j 71 (jjSUaiSI J 6 LUMO j HOMO ^Uai p z dil jIaa (Overlap) 

£jUn3l •li.lrd A_iaAI /7z C1 jI_jIAa <jli il^A j . ^.a^iS (_£ jJjoiaj (jj3jj^aa>i3l 

^uti^i (jc. 1 Ag Ij^dl (j! Mil (J* j O (jlsUai]l Lol) .AjjjLaII L-JAiUbU 

4 A_i3 (jl JJ Jj V J ^g-A^iS (_£ jJjoIA JjjS J dl^J I AiXJ ^)1_1 a£j Lo^jli 4 sp ' <^>11 oIjIaJI 
. (Aa.li. JUL ^j£-aJj 4 (JIa'WVI (JjAxia K J G (JJ^IAaJI ia^Llkl ^jl La£ 

3a >t Uxn ^Uidl ^j-o SWNT 1 JjUai A_ni ^Ic. A3jg (J j»*a^ll 4-la^Ji (jm^vl ^j£aj 

^^A AiL^)la3lj 4 Ajj1iuia]| (jjsl^^JI A p z dil_jl.lA3l £a l-lii ^li3l Ajaja^II I^ijI^iaI] 

,\» /Wi) AijjJa AjjLui^. a jIac. ^aj*j j , 14 Hamada j ^ Saito ci^ ^ j>g ia Ia^a^^. 

diVUI I^LllI Multi-body interactions s.u*ia d£^Uj six. 

^ 3a»‘i j dil jIaaII &:a ^^Jc. c 3J a j (iaia l_jjsV I j ojjI^a'I Wavefunctions A^ ja\\ 

: c5 -ojja (_£ jluiA (Jja. AaUall di*u*nl ^jIjjII 


E 2 d{ fc) — ±yo 


n 


1 + 4co5 


V3*, 


COS 


k y a 


\ r 

2 | 


v 2 , 


+ 4 cos" 


M 


v 2 , 


(2.6) 


^jli^^-A LoA ky j k x j 4 jjL^a (Overlap integral) J^IjIa JaI£j L_ijal jA y cin^. 
juiuj. a l^'l l^ 2 l j i k j jjpSiyi (Wavevector) ^ j-o 

^ . (Qualitative implications) ajL^. jll U jlil t> jj!^j V 1 *' aIjUJI 

^J^Vl Brillouin ^aIj-Lq ^_il A^lioli ^ ‘ 11 xlj ~ ^ L.A . >>q^ A q IVi . aN ^ 

Ajalij Cliluli]l . A 0 JAkJ Ij JjoiIa 3 . 6 JLSB ^ HI c 

7t Ail Lxu . K, M ,P j A^ll*]! (JjLqjII Jalij C 1 j^a_j i*’ n^k 44.6 

.LaLaJ 1 ‘ll'tAA Jl ^1, )-l ill tlilH 4^151^)^31 ^>A (AAujIAau) A_llk 6^ J ^5 

Aic. ^jJ-uia ^jl ^ I3tj 4^33 Q .K A la^'i Aic. (^1 3a 'll ^^jojLaa JZ J 

^jVI ^3Ij p jalfiill cjlkJ ^^^Vl ^aJI jjj (Degeneracy) S>LJ)}\ 
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(_£jAjalA .lift CjYLaJI AiliiS (jj^J CLua. ijAk^ajj]! 

t. c ■ 



Reciprocal lattice 4 ±jU1»J! aSj*UI (lj)j jaJI <> AjB. 5±kj (S) 3.6 JiuJ 
bisector • iLalaJI <_^jluii Aiauiljj Brillouin Aiikia f Ujj aLU^I 

.AjjLia A IiluJ AjiLSa. A£xui ^jjj ^le ailaj (jSJj q at jj aj Cioul jIxjVI 

M _j .Ajjl jil A»U‘a ^J. K _j - dai-1* a'I j&jA jji p J^A (jj^Ljj A aU* a A ag all 

a »ti* aII Aila. 1 LualLa , 

-jjjJ jIjxaII (Periodic boundary) <_ 5 jja]I iajAi AaJU^I si* jl . w; 

*<;■*' ! AJUijl 4 -a" a ja ? d'n^ ^ ' r — cBorn-Von Karman jLaj^ jja 

sL?j! ^ k-ii liVLa. AtLu ls -Lulj j 12 a . ^ jjc J& J j (Lattice translation vector) 
:aJjLia11j f ! jl ja JIAjj Reciprocal space direction »l ■>.»" 

dk^_2n ( 3 - 6 ) 

c IN r 
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liUaj ^ jIulg ,j-a cjjaIL JbuVI ^Uj (j^lj^JI tJjluu JlJxuj 4.6 j£-uiSI 

. ( A_i£j j-«V 1 AjiLjjlII A.jx.a'vll (jA (j'SL 48 £^j«ail (j- 4 ) -K AJa&j j£ Ale- ^jLuiLa-a LaA 


^ixj J£] k ^ ^ixlill 3“6 aJ^Ix-gSI (illil cdaVt^JI ^1 A/ 

t A jI^J V -VWi _^«ll A^iAx-a (jl Aj->Ja^)i]l j . .1^.1 j .Ixj ^9 6 /V ^9 

<_j-g o^C-LiLa k ClsVS-^»SI (jl9 c^jL^jV l x>ajl jA Aj ^^ajoia I I ^£1 

aL^Ig ^c^uLj .oI^j! ^J\ ^ (Infunitly close together) 1 $ ,>» i 

.Jai9 JJ9I ^ J jVI Brillouin JjjLjj Alkie ^ (Continuum) 


A_kudJ ^j£-gJ t ‘” \)*y> o^j^kgS Aj^jI^-q ^jI^jjoi ^il SWNT SI ^dkaj (Jjii 


V bX'iAA A^_iix^a JaJ^joi]l I^A A_klijuj .Ja-uiiiej ^g1ui«g JaJ^}ja) ^Jax-il (Unrolled) 

a v‘ix) jIjIa! ^.Ic. (Finite) s jj.wx> A^-lx-a 1 ^ \^\ j t oL^il (J ^k ajjI^j 


I I J Laj . ^ ^ i^JI Ja^juj ^r u*aj I aJL^JI . l^_9lij]| 

.* 

(J^jjjj . dk c jdN ^ 0 (jl ^-S] (3*6) Aklx_A]l ^iuu 11^ tcil^ii-G^jlj a » ^ ^juj c_luu] 
Alx-aiLo 1 g \*\\ j tL_j^ijVI ^^-g J^k (Continuum) H-aie k~ 

. ? Jjk (Discrete) 


■kjkA *^^) Jk - £a ^- Q A^. ^-gjoiaSI SWNT S k ~ CiVS^. (jl o^jiuk-G I^A £JJJ 

Ajjl yA ciVl^-SI ^jl j t(jj9l^)^JI ^jVI Brillouin Aqk'iA C^-l*^ 

C1±Loq]| AiiUa ^Jc. (J jj-sx^JI ^aJj . dk c j dN L)- 0 (J-^* 3^ I g C)C. Alx^ailA L-J^ijV I 

^ CjJjj aJIgI tillljAj .Jai9 k~ CliVS-^- (2. 6) ^^)ia C)^ 
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1 g '^1 j ( ^jL-aj3V 1 4-lLaiA a ^9 4_xJa£liA Ja j)a^ll ^)jg )a (_ja ^t - ^>11 ^Ic. .5*6 cJ^^ill 

.©JIiaaII 4 qJa ia\I ^9 \ g'v^LuLa Xi£> S^aIui a ^3l ^]l ^3 


J£ 7C* J 71 ^jJsUailt (j±l &J*- 3 .la* jJ (4*6 (J^joJI ^ La^ 

SWNT 11 ^jj^uxi 4j! t^ilj ^_ixjj . (Brillouin) <iIaiA (_ja /C Jalaj l^c. La ^jl^A 

(Wavevector) <L^.^a a Via ( K j r -Laj^jj 4_^11 a]I) ^ ^ La (JjLLaj y^ 


. Aj L^. 


^AJUJA 


( ! ) M 



fc) ji) (3(3) j ((2(4) ((^jjuaII) (0(3) — i aajaaaaII k-c^VL^j <-Ai3l (!) 5.6 J^-uJl 
4jli ja^Ij ^jjiUI ((3(3) (0(3) Jai3 K <Uaij ±j£> J^laJ^U .SWNTs jSil 

k— ljVI^ lajiaa. Ol .JjUaj o j^3 4J dUil tJ^laJVI V (2(4) (-jjajVI . 4 j^xa£ 

(t_ i) (Annual Reviews^ ^jiL 49 j^jaJI ^ja) .lajjjS uiill 4 a2a ja S-ialxla 4 ^jaaua]| 
4_Luil!b Jjaj jA AaC-jAII AAiajSfl £>a ±jixJl Jj^j ^j) .(6(6) SWNT — ] JjUalil AoL 
. (AaSj^aVI AuiLjjiil A-AAaJI <ja ^jJL 14 J^jaII £>■*) .SWNTs —II ^il 


^3 K ^■jjl ^JaLuiJ (JSLj( K A Jag 1 Ale- A^^ajola A^dlV^. L^J L-lljLjl ^1 4_9 ^}*_a] 

1 3a }*\ aII cJ^ 3 


K • c = 2717 


(4.6) 
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^C. .Tu*n l K ’ C ^ ^2 ) / ^ t <1^1 uaII A^ uVill Clalg V*ia'I Aj 


:lj*A . a ' ' b < 2K ^j : *iaU-M a<^\ ^ yj *j 


Kc 




\ 


( na t + ma 2 ) 


( 5 . 6 ) 


J 


11 - _ HI r* _ 

= -b r a t ~yV« 2 

2n 

= — 

3 

^ ( 5 . 6 ) 812 = 821 = 0 (jV L-ilU-odJI (Terms) AjAa. <j! 

^uVU ^ SWNT ^ jlixJ! jA l*Ua .(/7-/7?)mod 3 = 0 C5 i~j (4.6) 

£_a ClLyL-a ^a c_flLx-£ajl SWNTs II ^xja^ £}J$^ <^- Sjjoi • ^ AJa^j Aic. 

• 0*5 ©v a^a^. ^3 

cJI^juJI lAA (jc. AjL^.!>U ? A-ijAx-a ^gA a Ac. lall aAA ^^Ull cjjjIjVI Ja j 

CS^] (j^l _>^l iS J^ 1 - 0 Aj j-ujj .viaMj 1 AA . (jjSl ^>^31 _jl A^. £■ t W 'll (_g-3 ^)iaj]l tnlc. c > vnj 

.(Overlap integrals) J^.Iaj1I c!jXoI£j ^ jjjj Iaa t^K^ll Jajljjll jLJ cAjl j)a J 

(jjjL^j AqlViA AjjI j aJIj 3 ^LiSfl j ^ al^jl /(" (J^yLaJVI AJa^j ^Ij^jl A >/r^l 

(Jl^j V ^ ^ajoia a^^a a V'ia^ ^ LgJ ^A\ L_ujljVI (j-o aja*JI <jl3 i!a£aj .(Brillouin) 

A^^ajoia (JA Jaj3a*N ^lill t ». \) }\-2 $ I Jail3 .a^)jiu-a (JjUaj S L^jaI 

Jlj U J^UjVI ^Ijjjl <jV a.ua*a ISa. K ^ (Superimpose) l_£I jl 

aAA (jl _jlg 3aj ^JJC- (JA A1 *Jj . ClliuJjll ^3 ^)g J-Vl (jUaj bj^3 Vj cl-^.^AjalA 

,n = m ^ I jA L_ujlj| ^^a L_iijljV I 

Ajjjj 'in a£j^Io jl jfliLajI ^AxJ wl ^]l ,)» ,\W CjI j ajL^JI 2 I ^a]I 

jijaij Laa Jajlj^)ll (Peierls distortion) ^l^nj 

c.“ Tu^n Aj^jill CjL^. 1 jVI (jV C i,Kj AJajl^)ll (J^illl I 2A .Aic-LjaA A j\^k a A^, j Qc- 
ccAjA^JI CIjV^JI oAA Cj\jj_jj^lVI LaAjc. C Aij^)Iaj Al jaII ^3 A3Uall 

oy^3 ^3 a^)ij ^Il3 ^A A^sLkAaj A ~njVi AaJj .^Ualll AsUall ^1-Aa.j A •sjVill 

(ID) ^AU.1 Axj (_£A (JAxa Ajjjoli] ttiilAl .^.a^jjS ^jJjola Aic. ^Ualll 
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jjJ^)^]l L_LlAjl 3j^.j C-lsjjl Lx3jJA jj£Lj 33 ttlilj IHtlJj . (J^lc. jl (Jj .-ajA *■ iu-aj ^Jj 

(J j^. jjJ^)£JI dll j3 £da j-d ^5-9 ^-SUall <al£j jli ci3lS3 £a . Aj3« ^11 AjjjLill 

3^3 i (JIaaII (J-ifuJ C j] JJJJ Aj jdj L_fl3^. ^aJJ l*’ lj-\ \ Ajti J^)A L_J jJJ^U JaI^II -LxI^-aII 

A_ijjjJ^]VI A3lla]l ^3 jjj^ll l_Lui^]Ij AjjliLo Ijjj£ jjfLi ^ JaII AiUallj A_Lajj^>A]l A3UaSl 

A_i3 Iaj 6 jjjr SWNT SI ^ jljJJJ o j^3 jj£j cjlx3 j^>J LT^J * A_ijdi] 

l^yixj^ I jj . L^jlalij jjjld jl o Jj.W-a ajl^)^. dll^.j3 £a aIa^a Ajli^ll 

^jo3 ^ jjaSj L_fl j-ujj t jljJJJ Ajjdj L-flU^^SI AjI^J ^ £Jaj Sjjj£ A-Jlxijl A3Ual Ajjljjjill 

.SWNTs U ^VKuB ^U^SI 

Electronic density of states ^Vlail ^hjj^VI .2.2.3. 6 

:Jt\ (DOS) ^ ijalc. 


dN _ dN dk_ 
clE elk dE 


(6.6) 


k + dk j k jjj k~c iiV^-SI 33 c. & dNj dk r ja (3.6) aJ31xa1I (jjj^aa jl 

C ( (dllj jjj£JV I j)A jjlll aJI-^. L_lC.jJ.ujj jl j^AJ t >" \)^j ^ S jl ja Jad (J jJa ^_lc- 

3jJ^S 4 * ,>iliJI (2«6) <S3 Ua1I £a ^Jabdll jj^jla jc. dk/dE Sc. j jx^i^SI j^AJj 
jjx^i^fcSI t(6»6) ^^3 (JI 3 y‘uj,iVI s.l^aJ j^\d jA j .Lg_j ^ jajuiaII <^.ja 1I dilg_diA 

.AiiUall t.** n x : In jA jjxA SWNT diVS-^JI AiliS^ ^Ic. 


^1 jl jg Liaj tSWNTs d 3*J DOS ^^Ic. aIIaI jg )^j 6 — 6 cJ^^SI 
^ (Straightforward) jAli* jJ ja (Explicit derivation) ^j>-^ jlii^l 

DOS SI jj tV^I .A_u3LiaSI jVuxn AaL^JI CIjIajaSI ^paxj >." Ij'q \ c*il3 ^a tJaJjumlS A33^ 

(van hove ^Jja jli CjI ji*j ^3j (Singularities) cjI jloj ^ ^ jl^ L_jjjjl JS1 


jjjjuII DOS _SI aJ 3 Ua jV :cill 3 Ujjj .singularities) 

jg hj CjIjjajII jli il3^Aj . jUajll ^3l 3^. 3 jC. A3Ua ^^A Eq c“n^ ; * ^” 

^ja^J A^ JJ-3oa Aaajj jA tdl3 jl j cAllajVI (J^.!3 j3 Ia3jc. j c jLLaj j£J '^ C ' 

(Band jUajll A_nj jlal3j| jA o^oiIja jjjj AjJ c IjjIj . Ja.1 jll J*JI Jll j ASUJI Ulul 


(jjj i jUaill (jjj AiUall (Jj^a3 


u! 


structure derivation) 

• ^ Jc. AaIxj t4jl jxJ 
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EAi 

i_aL^j| SWNTs AiStiij AaSjaa SWNTs AiiitiiS DOS 6.6 JiiJI 

JjL Lf lC' 0-03 j AjjAxaSI i_tuUiU DOS SI (offset) aJJIja <jiajjxj .0 -if- _ja 

Jj.lA_a AiSSj AI^^aSI ‘ »' luajj i_iuUbU Ef fit jiui jA DOS ia^V .^jiUiil jja-aSI 

jUjS ^1 Ijlaj (jUaj AiLa. j£ fi fa diljlajSI Liij t SWNTs SI £jaaJ .AaSJxaSI i_jjjliSU 

. f jJiilS (jiLtaSLa jIj iya JjfU 50 £^ja]| Jwa) (I JljjaJI jlajl) A iiii i aSI jIjaSI 

.SWNTs _ll (Spectroscopy) i L^a a^U ^ilij aillil 

( _ s £l i" (jl SWNTs S Ait ojAkVi AijVS ^ u£P i^Loja^U jiLall 

Aks^all olijjiilVI (De-excitation) sJj] JiUjl jjc. (Fluoresce) (jifcj 

. CjI jlaill jjj s j^ill jjc (Promoted) 

Vibrational properties <_jLiUI .3. 3. 6 

ij^'bJi AiliiSj ^jji^iSi t ijJa .1.3 -3 -6 
Phonon spectrum and density states 

1^_i 3 4_ila. 0.1a. j L_lijlil 

.i^c* J! t (Vibrational) L_iAjii]l Aj^a. o -0 c -^ 

High-JUl 3^' •<&*-*!' (Phonon modes) jjjjill l»lJ 

Lx 160 Jc. ^jiai SWNT _J (10,10) symmetry 

to Ac. degenerate JaLojVl ol& (js-i* )j . L_J^3j la-si 120 (jC- 
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(jl (Chiral) L_ijdV .JaLdVI 3° 3al AdUddl "^j^j^ill" 

Jaldlj ALaLuj A_dla Sat Lolaj I^A . lg-33^ ^ \)h 100 3° AS UJ& 

. dil ^^ joi1a]I ^a SWNT 1! 

(jjj jail Jad jla . ^)J.laJI 3° ^_ix-al ^ ^naMI I^A (jl LaJ 

(Lattice a &\ &\\ I^Sald Jja Cjljill (Coherent) AJlai* ja 


SI <3U. ^ j . 


/zcof k ) 


Aj (_^-ald. d CnWi ^Wu j)jj 3 Jad (J^S c^alc. (Jddj .points) 


JaldVI ^.xuaij .A^LolLg 1 g,Tu*In dll j W d ^ix-aj 3 1 JaldVI a^A ^a*J cSWNT 

1 g d» i ( x-«a a * a\-\a ^ j jail J£jdj j t(Branches) lc.j^a 3^*-^! 1 g i ( x-o ^jAdj 3^ I 

Aic. L_iddlS (Wavenumber) JaldVI 3.U** 1 Lg LSIc.j .\ a-ilaSI 3 a *^S 

^1 lilt (Acoustic modes) ajj^JI .Lldl j] • V = o ^0J/27ic p a u-,ti 

JaldL A.JL1I ^Jl bj^Ja^\ 3 I 1 J • A- — ^0 Lade. Q) — 1-gJ 
ji Luj .2 D id/' ^jLii d n dn Aj^S ^jjal^aJI jjj ja c <aj3a 3° ^-3 cJ^ u] 
ja^a-xiSI a -\\a (Quantization) 3 a 3 ^ aj! jJa^il ^3 ^j^al^aJI Ldliiill 

dua. SWNT 3*3 a dfufrn J ^a jdJI 3* jjls c (Circumferential wavevector) 

AJC .3 Allajl 3) ^jjal^aJI Jjj j3 d n dn A gJad ^Ja 3^3^ (jc. A_ilc. (Jjx^i^ll (j£-aJ 
A_nj djddujl 3° 3^1 (j-od <jaLaVI <3 AaJLx_ASI &AA . jIxjVI Adla! 

^aJJ :La-ia»j-a ldLi3^ (jjSLJ ‘d jA Lo £-a JSI jl J^l (3^^ J^J 3^^^ 

1 g \a (J£) jIxjVI Aj^d.1 aJldd-o A^^a Allajl ^jdl^aJI c. <aj da ^j3 (j£ 

Ail^ ^a 3^ 3^ U-j^j c(SWNT SI c. <aj3a ^a ^.Ij ci^Sid 

o j!ic. . 3Uaail AiU ^ (Phonon Density Of States-PDOS) cjVUJI 

.* 

c_alll A Vd (jiaa) A-adj AjdSl^d oldjl Aj-ujL*)^ ^ 3^^ c -“ ^dtS ^jli tdS^ Jc- 

. ^aidiASl ^ J J^l ^Idl ^ t> j-^l AiSalA i.“tlda cdlj ^ 

JUdl s ja j c(Tight binding) 3idal! Ja jjll Adji^ ^dJI 3jiJ! d u ^ c . j 
. 3^1 (Jddj JaLdVI a^A ^d3^^ s-^ 3^^ Aidadl (Force - ^ field) 

Lu^j l^J a ql"t j Nx> SWNTs AidliiS PDOS Slj ajj^h^^II LdLiLal V»6 cJddSI 

• \ LqS I 

Ad jj-£3 JaLdl Aju_jI t^Axih 3^^ 4 8 • 6 (JdoJI ^3 A »>»^aSI JaLdV I (j] 

JaLdVI cj)~9 •Aj-ald. AxaAl cijlj ^ cAjj^ja Jad aoMjj (Acoustic modes) 
Aaji diU.1 j) l^! 4 (Longitudinal Acoustic-LA) ^ jL Ja^j <^a j Aiij^l 
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(Transverse Acoustic-TA) cU>_y^> jjp-4 aj jl ja 

((Twisting — TW) (Jiiill Isajj (L_i^j VI j „ ^Ac. *4 - jac. dAdj) l ^ Ij (^jUa^AA 

^Ic. (LA LiaIS <LIaa JaLaji fi4& ijoU .<J j!iLd J)l <1 

Jjsl jJa T A JaAJ Lja-ji (_jj3| * UlA ^)dl (S^ laAJ ^jA&j Jaik-ialL ( JIaaJI _j..V ■ ■ 

.^jlijoiAll ^ jU. djLd_jVI ^a laia Jjsl j]1a ( ZA k^jj (^ jIialaII £a laaa 

AJaJ jj SWNT _1] Doubly Degenerate J51 aJYI a^j-sJa laid ^llij “4LJ 
TA jaAll .l^jJ V *(8*6 d^) ^jaj j^)La]I JJC ZA j TA jjASl^j^JI ^ laAJ laia. 

JilAA SWNT _SI ^ 



(2,8) j ((9,0) j ((5,5) It PDOS Slj Ajj)ai-w 4I LilJai 7.6 JLuJI 

(2,8) i— i jjjbU A-4aJi diljjixj (jA AajU Ajfrjitl AilajSl! ,jA jjjiti JJ*JI .SWNTs 

(Ja) I jjSxj jjSVI i_aj]a_5 uLajIII Ajja. dilajJ £■* .S.SC. jj£) ALIaj (JjLu 

(Elsevir Science Ltd. <> ^jL 15 j^jAtl 

^c-LljaII ^jaLu]I laAS ^-ajaj ((JjVI - 4 i ^,1 -v <jaAI ( j ■ ^ t^UllAj 

IlaJI jlLaj yt,j ((Radial Breathing Mode-RBM) 

(165 cm ^) 20-4 .lie tilli (“ < ((10d0) ej_jd aajo ullsj .(jjal^ail ZA 

l ■ w . j I^aaj j 4 i j . ^ „ ^LIaa ^cajj caUIjVI (jV w ' taAAj ^c.ajj .meV 
JaAjj RBM J\ <jLaVl (_paxj ^)LuaJj J dWtl L^jLuLq 

-lazuli (JjLoj ^.Ic« 1 (Point group) lx. a 3^q t g 

JO) ^jJ^\ ^ ^'A\ i (Doubly-Degenerate) ^ j^E 2g (2) 

^ j)J-a n 4 LA Ja-<u]l 11 a '^j^) • 196*5 moV (1585 cm ^) Aic. c ( 1 0 

CjliUa ^ic. c"iK,j j j CjLa.l_jVi (j-o V^J ^ AjJjIa djl_a.lj|j ^lc- 
Raman activityjlAlj LLij La^J ijLp Elg (2) J (j jllA'l l (JA its o) 

■l53* 
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Sauvajol j . <> V'i^^ cJ^jou RBM II ^)la3 Aii^lc. cIluj^p 

(_j-o (J£ cs^* *9*6 (J^^ll ^3 Liii* t (MastGrCU rV0) \,u ^ Wi^a oj^Lg^j 

. CAjLnll (JIaI l }.)' ) ^' ) AjUjII aJAx-aII ^ . Aj jjoi^-aII j A_uj^)^li]| 0jlliill 

V = 238 /cf m (7.6) 

tSWNT ll^)Ja3 c d j cm IIj tRBM 11 ^aII ^^*JI ^a t v \ 

SWNTs II ^_Lix-ajj a-g^_a aJ^Ix_a l^jl ^^Ac. aJ^I*-a1I o^a ciiLjl .nm IIj 

= c<iuj aLUa bLJ j^j) . Raman spectroscopyjU j a^ULia 3JaJ jj 
0jllij q \ jJojm J c ^jjLi]jIxa]I (jl . dll jjol1a]| ^9 t V (224/$) + 14 

aLLaa 

^ jl j^il jSJI j 4 jjI jaJI 4 ju-JI 2 . 3 . 3 . 6 

Specific heat and thermal conductivity 

dVl^. J) ciAij_jj£lV! ^ii ajV caJ^UI AsUaH jbjj cojIaII dc. 

tSllUA . ^lc»! Aslia dlj JaLxul (J ^x-a^ll A-uI^aI co^UlA 

( Cj AjjI ^J l Ax-uAI ^ (Cph) ^jjjjillj (Cel) UJJ^V 1 l£ l>* CjLoI^-uiI 

. C= Cel + Cph 

0 ,-r 8 ^ 


LA 

(20.35 km/s) 

O e 2 b ( 2 ) 

1. (196.48 meV) 

TA 

(9.43 km/s) 


RBM 

(20.41 meV) 


TW 

(15.00 km/s) 

Ja^u (S) .SWNT (10,10) - 4 •>. . >i j a (SWNTs II p 4 « ujjjij JaL&ji 8-6 JLuJI 

(^) .(doubly degenerate JiLaJVI ^jJ>) <ja jjLL— Jiy*a (u) 
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JaA) Ai g laA ( a) .(' JiLaJVt g (2) .laA ( j) .(<jjj*a) twisting JiaJI LA 

| A— j) .(j7~ I) ‘ALjaAl LIA5U A " SjLiVI ^jj ,( t _ f £.LA (jAu 

.(Z. Benes ^y» £)j| 52 jajAl o- 4 ) .4hiin Ajj^j ^jLalj LLAI 



1/d (nm* ) 


uULuil (jA JSJ jLillj RBM JJjj (jjj A^^btH ^ i in i jit ^ la * all (jLjJU 9-6 JAill 
.( solid symbols AAaa j>«j) AxujaAj ( hollow symbols a £ Ji j>«j) Ajj.^all 

.(Elsevier Science Ltd :<> ^jL 15 ja. jAI <>) 

*AaALu.lq i* ' ^ 100 — Cph/ j_jl SWNT 1] (jafJ aa! 

. T = 0 ^^Ic- tAI A lilli Jjilajj j . C ~ Cph 


A^joullj u AiLLlI Ailii£ (Derivative) AiLA ^a a_ic.^ 1I a^l^jail Aa.lj 

PDOS 11 ^Ac. (J-lSill (Jlyla. O' 4 U ^Ac. (J jj^aaAl O^- 4 -! .a^jl^jaAl A_a^p ^Aj 

^L-aaJ J ± Alj (/;o)) AiUJI A.L (Weighting factor) ^ja. ji J*lc. ^ 

L_lLaiaAI ^ajj LiA j . ^ ^AALa. i _]£J (ilili Jill Alla. ^_3 j^z £J ^j-o ^Aaxj) 


AiajA Alla! J ^ ^ ’ l Occupancy t_l UAV I ~j. '.^"i ^ ; 4 'F 1 ' jjc. (j^lj S— A aIA 

. Fermi distribution ^ j4 £}jji jj » j 1 Aajj ^c. 
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C( D =—= — \dd)D( ( 0 ) — 

dT dT J expf had/ kT )-l 


(8.6) 


. Boltzmann's constant j* /rj PDOS ^a D(cd) 

c." (Jxallj ^aJ £a 4_1aL<JI CIjI ^3 ajtc« tiilj ^JaJj 

Aj^)I^)^JI AjljoiII (J-olc- " J D(co) C_J^)jJa (Jj-aL^£ A_1 aI£ja1I A_ 1 a£]I (jC- ^aJJ 

I jU Vi jjSj U IjjU 41a j ." Heat-capacity convolution factor 
<> tcillj ^a illj D(co) _J jV L£aa (Analytical solution) 

SWNT 11 A qlViVl (j^fLa t AlVa* a a^)l^}a. djla^J Ail 7»6 eft x'lill 

(j^AJ -)ail3 5 K) A_Jaia»iA dlt^^p XiC- ^A j tV^ALa A_Lkl 

AiLylxJI ^A A >jV^l j tULlaJ (8*6) ^JjVi <j^AJ lAA .Ja£a AjJjj-all 

^aJ .13 j tSWNT \ ^a^a^II <. a2al A ~n n i ^A . T ^ C A_iia^Jl 

.AjJaia-lo T a^)!^)^. A_^.^p Aj^jl^)aJI AjljoiI] ^joiLiaII ^uLi^ll AJajail^j Luj^ala l^A 


A_i]^la ASi jA«a (jjj^la l Ia SjIa ^3 djj-L-all juiVi] 

Jaa AJa^l jj Cjj^\ ^(Longitudinal acoustic phonons) 

Lu^j ^A (k) AjjljaJ A_ilx^a^A (jls cciilj ^-lc. a j^lc. .k = 0 -1^- Clilujlill 

J jJI ^h» J j) .(Mean free path) jLaaII ia^jio ja / dua. <k = CV 5 / 

£a 1/5 Jal jjj cSWNTs llj ^>a Jilj .v s — 3-6 kms ^ A^L-all 

^ja Ajl9j^ja1I A_ai^]I aAA j .. — 20 kmS LA JaAill 

qC* o^jjjL aa aJjjjoia ^Aj — A_iaALjjj]I AJajl^)ll (Stiffness) a£.Luia. 

^)jjIa]I ^ja (j£ ^jia^)XJ ! Aiilall ^I^aII Ja^^_A]l (Jj ksi jj]| 

\*y in ^ \ a \ ^ \ i. i\l i n^. \ 1 L Uni # A ^ a '•Jj- ClA^^p Ale. AijjxA a jIa (JjjIIa K (^ 5-^*^ 


1 aa^!>Ia]| ^aaII a.^j», 1 (Crystallinity) a^.^aj ^LaaII 

^Llx-a jJ ^jl Aj^)Jaj . (JjJaSl (J^x-ajJ ^ SWNT 

^ja cJ^-j SWNT 6000 Wm K ^Ai^)*JI ajl^^. a-^.j^ .v^c. 

^^3 Ia (jl^A ^3 A Aj^ll a^A ^jJaj Aj^)L-aJA]l A_UJ^)aIi]l djliLnll <jl ^_jA 

400 Wm K ^ Ai^)xll a A-^.jJ Juc. ^J^xaI .20 — 3000 Wm K ^ 


.K = 
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Mechanical properties 
Elasticity 


4 . 3*6 

1.4. 3. 6 


^9 SWNT II £jJa aIoj 1 a^)a 1I (JlxijVI Aslia (jl ^jl \ TKaj 

3^VI ^jV ^J^la]l ^ i* CnWn ^ 3 Al*-a dal A j£ 

I A^. 4_LaJjoiJ Ai£)lc. c^ILaA i £9 I j\\ ^9 j . L-J^iiV I _J cJ,^ 3 CS - ^ Aj^)A dal_^.l j)J ^jlALaJJ 

Aill^ll ^A p i*‘ n*s c Vg = ^ ^ l A_il^la]l dij^^ll Ac.^xuj (Y) Aj j^aII (JaIxa 

4 AjUa 1I CjIjjA&II qa Laj 3^ SWNT 11 Ajj^i^aII C 31 aIxa 1J (_£Aa cillliAj . Ajl‘K'1 

3 ^j^ill da\,Yu*In (jl Iaj (. l^jl j . l_j^iaY I _jl A^. (J^jola ^5 HI Ai3all <_£ a\_^.I ^)^JI a£Lajoi1 

_J! ^ JS1 C5 idj 111 ^(Wrapping vector) c_alil a^Sa Jl a^uIL Jl 

A_Aj^)a 1I ul^ 4 ^jjaI^ aII oAA (_ja ^C-^)11jj . ^^IiaII _jj£JI j ^La^llj 1 q\ae*n ^jl V II j V s 

1000 ^11 (a 3 jYI AiL^Jallj a_a 1 a 3^-1 I a^UjaII a Ii^iI^j) SWNT 11 l-jjjoi^aII 

.GPa (1 TPa) 


^ j^tmll j t Kevlar 3^.K'^ j IV ^All 3 ^_£j cliiA jIVI c31aIxa 

^iUaII ^jjiUllI 3 jj A 3 j .110 ^ 1 30 <210 <350 ls^ GPa sa^.jj 6 ja£a 

^_j^aj Ail (_ja ^c.^) 1I ^Ic. cAid£ ^111 ^UaII 33 a 3 y* l^jj*\ a Loi\j3 V \ 

dj^ixul A3j .l-ijj^l^VI Ajj^aII CjUUj (Jlj cj^J A-iSl j)->a1I ^ja AjLaxj A_a1c. (JV^IauVI 

SWNTs II 3* > j Laa <3 TPa j 1 TPa 3 ^ ^■jljli ^ 3 C * 3 ^>^ u ^a l_ijL^i1! oaa 

.dA^ylx-a AAj^)aa 1 I aI jaII 3 ^ CH° 

Plasticity lain 2 . 4 . 3. 6 

L_iijljVI ^^ic. jU^VI i ^3 ( 3 flaj ^U^x^ia (Resilience) ajj^aII 3 

<j| cillljA Ai^lllljj . Aj^jiI^jaII lg SjLujVI Aj^jUll 

djl ^.13113 kinks ajAj! 3i^_ 5 w il 333 3 ^ SWNTs 11 3 ^*° j 

l_uj3VI s^)^3 ^ 3 *jj .IaIaj (Reversible) cijl^l jllVI oIa 3^j Aiuc. 

1 g**i» l 3 j3 A£Lauj ^lj ajL^. l_illx_ajl C1 jIjI^_^V ^jia^)xlill Aac. 1 g K x a oAIxjlujI Aj ^ jl_lll 

(Stress - aL^^.VI c!jI3^^>a1 VI-^-a ^3^ ^ ^3^^ t<a3all ajaL^I aj^aII 

U^ic. (Rehybridize) sir.) sp' 2 jjjjSlI ajLIs Jlj tconcentrators) 

ad jLo. 5j_jjUll a_UjljV! - <liLa-a __j-a ^Jj ^j^ yxli2 
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(Buckles) jSI (Plastic drinking straw) Aft/u 2JI ^^11 Cj\J& 
A_i^.lj (j-Q . I 1$ 1C- £-3 JJ La^ic. J-k-aV I \ g K x'l) Jl J \ g tSS J i jl^a.1 Jjj\j Cll^J 
. ^_Sjj-a jjl SWNT SI ^Lja^.1 ^aJJ La^jc. 1 iS^a* ^IxjjI 0 ^jujJ tilSliA (_)J (_£^kl 

cill^ 4^>l£ (_£ JjJ jlgJ IgjSc. La^C. <_£ Jj Jill AJiS Jfc La£ LaLajj 

. (Plastic deformation) jdll aj Joll aJI L^i ^ jUSI 

AjS^aC. IJ SWNT SI AjjoiLujVI (JljtijVI A-iST J^Uaj J M'\x) 

^c. t$i 'Jc. Sij .(Stone-Wales transformation)*** "jLj 

^Jc. Jalq*\SI JjI ^aII Ja ^ u^ij i**n*\t A_iSlc. (JlxijV I AsUa u^'i 4 J jll Ja A m ,a 

“<jjj J AiajJ ^Jc* L$ J^\) 3^ AiiUa aSL^. Jl (Jj)VtSI (jl j 4A_iSLa£ AjjujI. 1 uj A^j-uj 

lg_La C_J aJljj 4 A_ia. J ^jjill 4-3 jJI J« ^ jj *^1 J (J) c£*^J^ l-A-a 4 90° 0-l^.lj 

JiiL^adl-a jllixll (jjLi AjI Jl .7 _ 5 *■ . UC. ^-ajoiJj ^C.l±ui £-a 0-a.lLa ^-ujLa^ Ja 

^Jc. (J jA-sa^JI *»" J AjJaJx-a jlgJ CIjV J-Q IJ (j^S (5 - 7“ 7 - 5 4 tj't J J) 

Jixa l-o^ 4A_lajl JS 4_i3l_xlLa ClAjJjJ ^C. C_J ^_i*JI ClAimil 13 $.LkJjujVI Ja -lij 0 

A_l^.lj Ja Ijjl^-a 7“5 L-JjJxSI 3 .]^ ^ ] ^ u^njj I3fc ^.10*6 (J^-^l 

4 ( 5 , 5 ) u^l Jl a^uuSL) l 6-5 aJUajI J (Energetically favorable) AiUaSI 

JjfL A_i^.lj J a ^( — 2 OV Jl /. 0 A-iSlstijl .lie. 3..^ ^‘‘31 Aslia 

Cljlillxijl JqWt ^jl l >" (S*^> AlilaJ 3.}^^'* ^-°) S*^- l-xij^a j^.UJI J-ajtVn 

J a^jUSI JLstijVI a S jx^o^ ^jl .(Ductility) AjjLiljVI j! Ail^lSI 3^ ^>^S 

L_l^.jJJ tilS^S .3S-*-^VI 3^a ^Jc- I^LaJC.1 AaaSI ^3 Clj|^)jaJt£ A*ij^a SWNT Jax*j 
.(jV! ^Jj I Jjii-a 4 u*)^ 3<;^J SWNT Ajj3 ^LujI^^ 

AjJLUI JJI l-ujUI lj! jjaa i iuszjjj L r u£ J 4.6 

Synthesis and characterization of carbon nanotubes 

3^jujJ l^il J 4 ! ,iC*l J Aj^jlill jjJ JSI L_lljljV (jl jLalll ^xukSI ^-lal ^aS 

Ajj^)-a 3 - q S-*-o Jc .1 SWNT IS ^jl L_fl I- a^j .ajL<iiS o jLa-a 4^j^al^i-S 

dl3j 4^^Luiluj| AjjLl^jlj AjJjj Cj! 3_£J Ja^li J ^J-aJj 4 Joj\_i3 


uj^£ 90° u'jj^ 0^ (Stone-Wales transformation) ” jkj J ( * 

ill A u*i 'iLj 
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(jl £2 j 1 a 1 I <jJ aiVlo Vlnj ^ in*n (j_j__j]| c. <ijq-s j& 

^1^. jjl^jj ^aj SjLg (_^l ^j-o ls^ lSJ^^)^ SWNT S 

^lill diVS-^-11 4-plc- jjc. 4-ijjj3^1J 5il!j^ a! jj SWNT 11 <jJaiVi-<i]l aI*jV 1 ^jj . ^A-all 

_j jiiuj^jl ^ill ^ ^.^Lnl <_)jjLujVS ^> 3 jj (jl (Singnlarity) aja^aSI IaIjI^aI (j£-aj 

.Sli* 




^jI^I X 10 JUAjI Caaa SWNT (10,10) — S AJIAil ^IaJH jjianll 10.6 J LuJI 
£jj ^1 ^IJL 5-7- 7-5 la^L .2.3 ns (^) j <1.6 ns (cj) 1.5 ns (I) jju 
<^ jl5fl lajljfl £ljj-J l) 5 7-5 £jjJI ^ laaiLi jl o£aj <(^) . J^aiLi 7- 5 

.(AaSjjaVI VuLjaAII AjjlaaJI (J-® O^k 16 (J-a) .5 _ 8“ 5 _ 7“5 c-itflil Jj^al ^Jl 

^uLiLall ^Jl (Jj)«\Mi a Vn A_LA£!iA]l £-a cJL^JI Ajt_nIaJ 

^jIa J<v;nj cil!^Lujl£ Lja^. ^jj*^ *-. ] * l“ Ui -’ SWNTs SI (jl A£j-<JI <jA <<_£ ^jlnll 

(j£-aJ (_£ jjJaC- (JVIa Ail5 Anix-aSI CIjV^-SI o^A ^'nui <A_uiA.ll] 

a Vi SI (Jg.xj.ij (jl SWNT SI Jl (Ligands) ^ ^djl.vu jSSI Jh^jj (jl .AinJa jj 


j 

j 


I ojAj iaUjjVL 4-S A-jj\-Laj£ CliV^A cJa^j jS j_fc}S jl tojA (jc. ajUc. jA ligand ^ * 



a Alx.nl I di\j_^jj£lj (> j>j 
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4_a^_a1I oIa (_£-l^j CllUj £_a . IjqjJojj 1 . Jjm J^l 4 C5"^ is^ Jil^l 

\*\kt\W (JjlS j <_£jlx. JJC. Jlaj jA ^ jjUB L-l^j^l <j] tj jIa jA Iaa Jfll j t!>LJ3 
c A^l ^11 Ax ill dilj ^jAI Jail AjuiJj ^3 j ^JaiAll Ja (tractable) 

.AjuAja^\ L-ljl^a. 


. ^^a 1 x]I l_uL^JI (JLa. j& Ia£ l>^ U J*^ ^ j>^iq\l (_ja ^ m.Vig 11 L_ij\_aJI ^jj 

J .JajU^lA jaj Jfi. AjjjUJl L_lljljVI ^uAi Jjl V jl L_L^J c 4_1 aI^]I La£jI J ^3 Jlaj J 


.\g*uJ jJ j AjjjIjII L-lljliVI Ja ^aJ ^llll (Jjjall C. ilui^UMlui t Axtikll 11 a 

.AjjjllJ! A Jija]1 Aja ^aIaII llAj.wMI Ja J&ll ^jJajilj L_fl^iuj tiillijj 


Synthesis and processing 


iaJU^j cjjSjj 1-4.6 


^JUll l-u£ jj J jA :JjjJall .1.1. 4. 6 

Methods: the black art is nanotube synthesis 

j\ Ja^aJI j cAj^jLll! L_nj\j| ^3 ^4.1 jVI ^3 i Ja c^IIaA 

(Jjjlij (Jjja]l o^A a (J j . CIjIjj^JI a^A CIujI CIjIJMI ^ja 

JL^ll ^3 a j>>» ja]| j ajjaLujI c < nlLujj aju^I (j-® ^.Ij l_j^1ujI j±i (Permutations) 
c(Laser ablation) Ajj^all (2) c^-uiJJI £.jji]l (1) :^aj 11*6 

s jaJt\ cji ui jj j (4) J 4 (Catalyzed decomposition) ji^ll Jk^l (3) 

.AjjIiaAII 


.^jlll £jj!i]l 4 _i1aC. 1 Vnl jI^a ^^3 <3A*-a]lj MWNTs II i— fl\ M 

J Clusl^ijl Ja JiiJ&a (jjJjjjfUl Jli jaIxaa A$ y (JjdflaJ ^aJ iAijJall o3a J 

mbar j±i ^Jjii l^x ^ c ^sjIa _jIjj jajJ& s^ic.) ^)^ a ] 

^Lj^JI JjxJI jLj^-jI dlaJ Ajli^ll Aj& l AJ >11 (jj3 <jl£ .(600 — 500 

Ua cjjjjLj^II jj^jjj^IVI jlxll cJCnj^l (Dielectric breakdown) 
3000 Jj 6 jl Sjji i£l ^j3 J£ja J (~ 100 A) jIjj JUj 

oj^n a dj|_ji£ 4 _i1a*JI d^A J ^^Vl g"u J ^aJJ d^Ic-j .AjJa 

.<^Ja-uj JC. 
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(_£ ^jJaxJl j Q ~»- a\\ 
L_k]LuJl ^J^3 La]I 



^C-_Lo ^ 

(I) : AjjjUII c_ujU! t_n £ jj A^Vudall Ab jVI JjjVI ^-luajj 11.6 J&aH! 

<— lujj jlll (j) j t j4*\atl JjVill (^) £jj&i]| (uj) (jlajUll jjoUb jjv nil 

.4 jib aft II dj^uVb 


jl_J.l^,J ^^Ac. '^'^ , L, y* S^2Ul1a] 1 dll^jbl L_baljjj t fll bbl AjlgJ LS^J 

j cdibjjJ ^3 j t4_mal^c. Ajjjb Clibux^. j cj^liLo jjc. ^^Ac. jig ^11 

^jja Lq IAI SWNTs II i > a^j^jjoill jLojc-I .6^)3j jab MWNTs 

(jl .s ja^-bl j^btbl ^paxjj ciiial jxJI j-o bjl's i ^Aa j jjjYl ^>A^. (Cored) 
(Gd, Y) aj^bll AjjJajYI jj-abxllj c(aj^JI ijfLnll tClAbj^ll) 4_2liAjYI bpla-al! 
.SWNT j^Vl ^ 1 g »Ja^ I** 1 b I ^ Aj vVb 4jjA Ajjla A-baljj A£ ^J-uiaII 
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aJ J (Joumet and coworkers) dnjjj^. lg.A.13 AjaIc. Aiijj 

1 ^lUjl (JdaSl jWa C n^> c Ni/Y J Co/Y J c Co/Ni -LxJLAa jliiA.1 ^aJ dl jaJjaII 

AjjjUl a c'\* x>i j a_ujI j2l o^a . 4.2% Ni j 1 3t% Y SWNT 

"jjjJa" &1 ajoia]I SIjYI o^A £_Adj d jjl^ll cjjlall AjjoiJ ojixx-a Ajjaja ^3 

jA X90— 70 ^ ja-s a jA 20 wt% ^Jlj^. (Collarette) 

uhij Auk J^^JI \4 jku V SWANTs (jl v lkA^U Jjkll J> 11 . SWNTs 


. ^llill ^j>uk]l ^3 jddll A^jjiL2l dLilYI ja 3 lUmjj . jq^ aII 


.SWNTs ^jj j£jj ^iLsIjc. jdii] (jjAl <Ljuj j ^a j AjjAIII 

djl£ (Pulsed Laser Vaporization- PLV) is ^±A\ jj21L j jA . n l! j) <x3l jl! 

jj3 jA AjAnll jI^a. Jj£jj SWNTs II ajaVi IgiiLajojIjj jYI AjVqMI 

a ydafi jj4j UJ^“ j' L>* 1200°C o jl j^. 4 a ^ ^hVi A g^jfil 


(Ax>i n JS ^ ~ 500 mJ j t 30 Hz j 532 nm ^ Ja*j Nd:YAG *A c.) idle. 

jia^Aj LjJjjaa]! dnsljxll ja <d^A Ajjd ^j^xj jjill (Js-ujI ^Jl A^.ja 

c > u^iaII ^3 1 g x a*s ^gUll SWNTS **m3 6 jjill (J^.lj ^IaIjI ^^xa 
cjj^j d^l Jxa.j ajjJJII aa>2I (Raster) i Wn j^j 4 (Downstream) 

. j^UajYI D^Ia ja fijliluiV! ^j3a»M i2]jj 


j£j 4 PLV ^ jJajjll jjJHj jj A nil l_JjLaI ^al-dldl oja (JjY ^2 Lode. 

17 SWNTs ^11 o jA^uaII jjjj^ll dl^p ja~n ja X 15 (Jjjd ls^“ oj^^Lajj 
.X Co/Pt (0.6/0. 2 at. %) j Co/Ni (0.6/0. 6 at.%) dl >^21 ^l^ddL 
jA ^ dUajui jaII jdxj (Jj^xj Aic. ^>^^11 ^3 %90 70 j-Q ^jtill !a& jljjl ^3 j 

,dl^]| jjj3 ja jjjA.1 f.LjaC-1 


LA^IlLajoil jj C5"^ (jjl J^al! ja ^_ujj 2I ^xJjiiillj PLV II Ij^Jjla Clljl£ 

^JIaaII ^ajail2l . <1 jkxA SjLL Cljl j SWNTS JA ^aljxllj J^5j C1 jI_1a£ ^ 

ja ^a-ujjdAj AlisY AijjJa jUa3l CIjI j dal AVu ^ic. 1 Ag, n a 

AjjjIj ^tjljj ja Sjjj^ dLiA^ j!2 Jj c-Ijj-u ^Ic. jid jJall jl c l_La!>U j .1.4 nm 


(3000- £jl j^. dl_^.jj jl_^.liid j t l^-ia l_j jc . ja jjc. (Byproduct) 

A^jJ 3ic- (J^jujjj Ajjjlill L-jjjjUYI jl IaIc. w A . ilfc^ill jjjj^ll j^L-aA jjAnl 4000 °C) 
djjL ^3j .(Growth chamber) ajaIIII Aijo JaIj jj^ jA jst sjja. 
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(Pyrolytic (JW2I a yiVi ^)jj-a2l ^^ic. 4_ali2VI ciaVjt^-Q 

oaa ^3 . jq^.oll j <j^ Ajjlc. a2jI 2^-g ^.iViuii ^21 technique) 

(Organometallic ^ j^ll jj:i*2l c2jJ_> (Sublimate) ^-gLujJ ^aJJ 4 4 lo u 11 31 

S\\\a jja (200-300°C) s J ciiUj^ £c. precursors) 

A q)Vix> ClAj22l £3 Jj Lo^jc. . (J2k (_£j Ic. (J^la. A_Laj2 1200 - 900°C ^^Ac. 


^1 V j Vi-a I^-Lg (_£jjJa*_ll £^aJI (jjujjjoikjj 4(Jlklj 4 SjlaJI JcliJI 

l^jJ^. (j-G Ajjjl2l ^-GJ jikj CIjLgJjoi^. jl A_ij.}x-G AjJjiic. djlc. J'Q>«Q 

IIS j 4 i> ^2l 4.11 iujI£I (J.}^ x ' ik ‘ 1 ' 1 (j-G A/O* e2_AJjaiaJI £_i2 ^j.liJl LS^jf* t> . ^>JJ ■"(jj*^ 1 * H" 

^ 1 — »*a\ _jl ^gILoiIj Jajjj (_£2I (j^^.^)VI t£U cJ^^j .fe)sVVNT ^1 ^-GJ ^GJUjJ 4 (JS1X \W 


,w\l (J2_kll (_£jlitJI (J-gL^JI (J^-g ((JIjlS (Jljdkl J-gIx.) (jj^. j^j-li^JI j 4$.I^AI (j-G ^al )V3l 
^_iaLiJ^)]l j)^J^^]l ^)Ax-a-G ^aJJ (jl ^jLullI (j-Qj .A_i1^l 2I Aiujl^l j)j^£j (j-G 

(_£^)l^)aJl (JWill CIiLiLgC- ^.I^j^.1 .13 j . (2^-saaXG ^)l_kj jl iA jlxJ 

aJojojI^j MWNTs j SWNTs ^Al jjj^i2lj 4 j)2jjll^ t 11^ jliii2lj (j An u2>\A 
.^Lk JLIj (Ferrocene) j^jjjillj ^(Metallocene) ^jIIIlg c2j>A^2I 


j2a2 Fe(CO) 5 ^a, W'u^l *(j)^J^)£JI M„»<i (JjV (Jlc. Joiuja) HiPCO L_2^1 uAj ^^-gjolJ Lg 
■ yu^l ^22 (Disproportionation) L_bJi2l J2kl ^LkJ jj SWNTs 

jjJa ^21 IAa (J A_a£- g-g o^)Jj£ A_alik-G (Jt^jujl <2 LaAj . (j^J^)2l 


^A jq^2l (JW'AI j (OVD) o^k-jVI (jjj (j^)2l (jj 

^^1 ^ l^Gg <qI.^Vu*)I (jj^D^x^^ll (jl j . ^Jl i_s^ ^ 

(jl S^)j^)jJa]lj ^ ‘i»,j V l-^Aj) 4^^-^Jajaill ^-<ull ^kijj OVD (jl A qj'q^k (j^a'i 

Lg£ tiLoiLGl-G 40 jq^k.oll 0 jj£^)llj 4^-Gi]! ^jl jli-G (_^ ^j\_lll C_J^ljVI (j^J (Jj-alill "^ll2l ^-lajuill'' 

I jia^G OVD cIjI^jj^ijuj ^akklujjj I1 a .((Epitaxy) (aj^j^LII a_ia±i]I) (J^iill a_1L^. 

ciilliAj .A_Lg Ia^iSj ^^3 jl 4ojj£^)]l ^Jajai ^IjILgI Aj^jlill L_njliV! LgC-Aa 


L^JajaijI c > \lkn . jjl£^)ll ojaa-All CljljjjaJI (jj^all A_q, W' ui.i.G o^j^C. il ^JJ-ujI 

(Si uj%^' t> <SIS J (_3-^ (J^^ ^”^(^^3)3 cJ^-° ^-gIj^ (JLg*JjoiI 

Ajjj^Ia w'u^n 4L^ilj (j-G V .(a-ajLoi aj\j>^oVI Si02 A^iLa 1 -g 12^) wafer) 

^3 jj^kjaiill) (JaijK^II ( 2 a*jj . Kj\x2l j! Liixj ^IVI (j-o a_iaLoi-g a^> u'ti A_ij^*2l ^!>LgVI 




j Aic. SWNT 2 jx^j ji^j ^jl 




qAixa 2jI (jc- Ajj^. Jjjlij 4“ iK'i'i 
^18 ^)Jaj!3 aIjIa ^jc. 
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J^qVnj . 3u^l ^a A ‘i^ dale. ja~\a ^J1 4n3» x>11 ^-^LgVI cJ ^ic* (^ 

(J^S3j ( x-o (Jc.llill (j^)3 ^1 (JLoxJjujIj (j-^d d_3j ^dll 

3j,w\1 ^jujIaaII ^idiill 4_2L*3 Ldajl CSS 33 j .AS 4j3*lill j ^Q^aII J 1 jikV 

^jlc- Lq c^-aLuiaII ^ -1c. (Shadow mask) (_}la ^-L j3 ^a 

.MWNTs _U Jalio ^AJ 


Growth models 


J- 4 III ^jLaj 2. 1.4. 6 


<iu£j ^£aj (Jj^lall L) -0 ^ (jlj •4^^1dll i. njljVl <cA u*ol &3 j3c« ^_3^)la cilLiA 

4aIa 4_La£j 33j-all 13A ^3 oj!>Ia^j t,“nijja, ^^)Ja *^J • ^ f\ 1 g ^iVi SjIaII 

3 Wn V ja^II (jl es-^S <aild-G djld^L o^jJaswaII Aj^jlill L_njliVI CjliiC. <jldj (jl ^A j 


(Ja 4_dlLill AjjI^aJI 4_ifLiAljj3]l j^IaIIj o33di j33 L_flj^Ia]! Jjj-alid 

c Ajjj^la 4j v*! \a\\ (Jjj-aliill j)A ^)j 1^11 4d3l_iA qC. ^ IVn c_a jja c l_Uja]| I 3^J ^ ^ . 4_j^aIa1I 

.oAi^. <jjjU L_ujljl aIaI^SI Si^liS^l ^Sc- l *113 j)A ^ 3 j j 


^HIaIIjj <La.^)3jj cJ)£a-a]I ) 4_L-a dal 3 (_£^)dl AaIc. dll^pjA ciilldk 

jdj (1 — 5 nm ^las) Aj^jUl djl^uti^ll ajjjUJ! l_iiAjVI jaJ ^^3 13a. 4_a£a j3d 4_udij 

dal MWNTS j£dd (jdA. C 5 ^ iSWNT 11 ^aaI Ij^jj^jda 

11 ^3 1 jljx.oq‘i kA*l\ S_jl ^>^-11 djL^.^)3 (J-axjj . IaIaj jq^xill l_jLjc. ^3 jl 

s^l^^J! sc. <jl ^Jj t^ilj ^3 c_jjjaill .MWNTs 11 Vd SWNTs 

Ullc. JaXuull ^jj ^ 3!ill l^A JadLull J^la. (j^SLi iA t.^-xk\ i^ll 


^lill ( djlli^jjl^ill (Jj^joLil Ij^lla-Q J)^-a 11 (j jfLi V ^ (j^l 6 1 ^1^. 1 3^. 

^jlill Adl^-oj ^jl 3 jxj S 113 ^3 L_Djaill tJjdj V _j* »^il ^>lsa3 c t.^ll'd '1 

^j^lj i L 5 ^] ^^" ,| ^ k ' 1 V cl iljj^il^ill j SWNTs ^j-o (j! (_j^ ^^-3 c(Nucleation) 

1^jj13j ^3 djlij jJ jill ^_j-q ^jji^ll ci^dj .A3Ua]l ^j-o IjjI^g OJ~^ ^ ^131iuia 11 ^-dll 

A_illxll 3^)1^)^-11 a^.^)3 iu/i'i t^pj^Lx-o (J£jauj .(jljVl cJ^ ciiiiiul SWNTs 

11 ^Idjj (Quenching) AjLuij jl Vi (j-oj d j>s^_a11 cIjI^uai^II axj^joiII ^jjd-sllj 

:4_uiij SWNT 11 l-±£j{±i a \ t.s-i l^J A^^c. A3^)1_Lq o3a j . dA^u^l! jSii L»jjc. SWNT 

?A-<ij!)La 11 Joliill A^.^)3 Sc. J)q>k^ll l-LojLLo LS^" ^11 1 V^x>j c \ f\ ^j3l 
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o jl oU . jj Xic. SWNTs ajaIII Jj£l ^L^jj -1^.1 J jl_lk cillljA 

jjfL Iajjj) ^^jllll jlj^ll . j£aj La j« x^il AjjJoall AxSl-llI ojlll jj^J l‘* A ksikWA 
.AjILxJI SjljaJI ClsL^.jJ Ale. j/li^Ml Ja *La, W"n*i,all CllljliaJI £_la jA ^Ajjju-a jj£I 
II A_iajj] i^lj-al JJ^II JjI£j ^9 Jq^.all (InfUSing) ^ jj jjC. *'jj ^ia \ a \\ jA IIAj 

jl Ijia-a c. ^ ilJ-Vn V SWNTS £_L-aI AiLjla jL^jl ^A Cllllj jLik A-ajj »CVD 

^jj^j SWNTs jj Vi jls $^L^.I ciAjuJal jja-a 11 a jjfL V j .(Extrinsic) Ljajlc. 
<LajV ciilljAj . Ij^Ja J'^Vl .19 (SiO) jj^jUIl .liJj£J (001) A^,j]| J)^ ^ 

Ja ^jjj cSWNTS 11 A Vnx> L_fljj]a Jla ^3 Ail I ^LaJA^U ojjja (Corollary) 

Aii^lc. .Ij^j ^gl] _JJjoiJ IIAj .AJaujjJA L_njljl jLIaSl ^lc.1 Sjlja. ^-jLskj.! C5^ 

Ajtialall AjjIaII <1.1^1 c_jLaO Ja ^aC-^l ^ glc. cSWNT II jla3j Jq^xill Jjj A_i^,jx 

.<iUi 


jllaVl Ja J.lC’ t^IliA ?jaj]I A_L^j,a A_Lal*JI AjjIII ClA-ilVl ^^g-A La (_£jj 

(J jijj AxjLoi A_L>Ja j9 A-aj j . jLajJaAll 1 1 a ^9 JjLalxJI jj!i^.lj]| jc. V tilll JLia. 

^-Lxuj (> _ 5 -Ic' "Root growth" j.i^JI jaj ajIT a L> * ul jj J^^’n AjjjLill L_nj\iV! (jl 
tAjj^)£ l ^.ro'i ojjauial (Nucleation) isy^ 1 ^-jLIaj Lia jq^,all (Jaxjj . jq^.all 
^JaLjaj . (Spontaneous closure) ^Jlllill jpLbVI a ^ ^ ijcu** s 1111 J*jJ j 

^_^.jaII jj iC- Ja Ajj) ^ mil ^Jajoill .lie. jjujIja]I ^l^J-aVl (jC- djl^jl 

(_^1 t_jLkJl l_±Lujjjj ^j^j ^)£]1 L_ fllJl Aj,\jVq ‘ill Aij^)iallj L_li£jj (.“l.Wj ^jl 

Jl.^'WVl j . (o^q^^all CljLaJjuiaJl A_Lxuj 1 ^j A_iiuj^)J ojlc.jj Ja^jLall u'inll A^J^laJ 

jq^x>Il J-axJj cl^_i3^)ia ^aJI <iljjl Aj^jUI l_ 1 ijIjVI (j£>lc.l ^aJJ J ^A 

^^3 A_LujLa^. A^Ltijl ^11 ^-a ^3 (O3 j O2 j C[ ^^)1]1 ^Lajj 

^jj ‘LilLill AjjJa^)iIlj .^jJalj ^)-iC. ^q^k.all 1 _JJ«^ cAJlaJl oAA ^^3 .ojjauiall 

lajlj^)ll ^jjoiLiaII J^j^l jljlal ^jc. A^j‘iq < all c_fll^laVl (3 -0 ^^^1 \}^LL/1 

" jj jZJ' aJI ^Aj u»j*j aJVI dIa jSI .(Dangling bonds) AJjiall 

J jiaVI Aiaujl jj U jjIa c_j jjjVI l^a C5 Sjj jl II (Scooter mechanism) 

L-liijj 1. /oj A-ilaja^a AiL^ Lajl^ (SCOOts) (jllajj (^1^1 (J-^*-a a jll ^^jIjaj^II 

. A_^la!lLa ClAjjoi! A*jj ^ A^ ulll j c.“ llj^l.a-sll 
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. nl *'■>■' 1 A_i3^!LqJ\ AJajt^l 4_AiLa]| Aiajl^jlt 



jkuJ! 3 ^ull . jiiJl jm (!) . iAa jaISI CjUII 12-6 JLuJI 

yj( » j*3lU« AiLua) (i_j) .aJjxai) AjjI^j Jii* ^yLij t jia » 

4jH J5U. 4-^ jlLaJl Ajl^ill jm (f?) .Ajjl^jJI CjLoi_ji!UI /ji (<^Uk) aU»*«U 

jAa «" j jAx^JI (ajJ ji) pu a’yj tAj-SUI JaJjjJI ^J) Actual ^jj .(jjjiui) 

(jiJl Aiul— Ai*i ^ ''.'.‘'~’S"' ( J ) .jjjlili!) JLiaV) £aaj (ajj jS) LuLujS Jluilj 

.AjjlaJI Jajl jjit ^jl\ (jjjjSJI AfiLual . jaiII JiLi (jplftVI -iJa 1 j »" “•» MWNT l\ Jxaj 

lLus. tA^jjLall CjlAgj]! J) j AiLkiaj (jc. MWNTS A-uiij jjBl 

>1 

o-°j .(Epitaxial) a jljq'i Aij^laj A_i^.^jLiJI (Nucleate) 

<3 L_fll "A_3 jJu <Lai" Clinic, lllll A_lajail A^jdLall Ajjj^>la]l 

jaa-JI J) a^LJ *12^1 c ju . Ss jti\ t, (Exposed circumferential edges) 
jpJI ciUUj liA .12.6 Jiifl J* 6iA l£ .MWNT _JI 

. AjI^)C. ^)j£l dlljjJa^)i]l ^ja 


C‘ Uj.nl l^jlj tClAjt3jj ^^A CIjI aAA <jl LiA ^ja 

* — £ 

A^jJ A_ill AjV (jj ^11 C5^J . (_pax2l LS lc. 1 g j>>»a j A-<iixJ jl A_iial^j 

s f .* 

laj^jjjj ^A LiA A_iaA 1 AJakill LajI .A-oC.Ia aJa! ^Ic. Cj l^jjaiS A_uj^)^j CljliLiJ 

I jia-o ^)1 j‘i^l ( x-o ^_j-aLk A 'NjVi l^JtjJaj ^aJ ^Illl AjjI 

oAaIx-aII (2*°- uoJj A_*_nla L-flUa-dll ^9 

j J^Ji ja giiall jlS lil U AliiauJI (Dependent variables) 
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Aa. jj V t jiiaLaJI tllS _jll .^jLiSI j 11 j ^iafill ^jjjj .(jljAaJI 

jA aA& (J 3 A"' ^jj jjl£ IaI La La. jaAa ^A±]j .SWNT II (JLi^ . - ' 3 J'^ .ALaLaaa 

^3 aIa^IaaSI SWNTS SI £AAaj Ajaxal jJ ioj±& SWNTS jA aIac-I jA JojI^aa ^aj 

. j±lJ^\ jA tiS^lAAA £LaAJ jl .^AaSI AXJ 

JcliUI gjU AjaSaj j jj!& 3 . 14. 6 

Composition and purification of the reaction product 



(Transmission electron ujj^' Ajj$^aj >jj*a 13.6 JiuJI 

^Lj^l jjjiiSI AkJ jj AaaIa j»U, Aj^jU jI jaS (1.2. 4. 6 jauiSI j]aj|) micrograph) 
(3) .SWNT JLa, (2) .aJjJxa SWNTs (1) saaxja ujU^L« Jc-UHl ^ciU JaJuj .^^oijaJI 
SAAxIa AjJjSljC. £j| J& (5) J liji^A AjIaja Cj LajauA. (4) . ji^A JjC- jl jj'3 a jj& (JJJjS 

.(53 £a.jaSI G" 4 ) .AjjIaxSI AjUKH 


jjC. ojjjjA A_j_jjlj i—JjjljV 3 ^jSSI (jl A aja-n. jjVI ^lia. LilALaA All 

(Synthesizing ^Lkj ^±£31 jp^ -L«Laj (Inefficient process) AiUi 

(j^>SaSI y L.’* a (j^lj .a_j 3 jA'n.;3l (jA Lj V I^jaI uj^jjL/ analytically) 

A 3^ -iaSAj t caIx^ ^a AAxaa (jA Aaj£a ^La. (Jc-lij ^aI^j ^liij LilLa. A a A^AjaaSI 
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j)A A aI^aII (jA < alljj ^ <j (iaII A . Aj^jIA l_ujIaI j)A (j^£jj 1 g ia ^\* >.s\ 

j)Aj t((Jj-a2l AjjoA j^^all S.W*ia A j'n^l p. £3 I Jl? Laxa 1 g i) ‘A ja-v -a\I CALaJjol^JI 

. jj'ua pc. (j^j^£ L>°J ^c5^)^-l 4_iii3l_jC. aIja cCAIAj^J 

L_uAj^U ^aII ^3 A x>»l j jAjj ^x-aLixil aAA j)A ^)jj£]| (jl 

AS "j Jwll I ^jjIia Lc. jjJa ^a ■r^^k A 11 4_1a£ AjA^J .13.6 (J^jAJI ^LaJI <J^jlA]| 

L_uljjai]l j)A 4 _A^j^£]I L_lijliVI (p? J)JJa''i\1 <1^jojj S^jAIha <L^)ia Aa.jJ V 

jq^k a\I (jA ^iiiAll e. jaJI o^)j uW 6 (Macroscopic scale) ^j^)£Ia (^IALa 
(E nergy s^jjUaII a a n^ll aju!^\ AiUa c* \f \ An (jj^la p. <ljg **n 4 _ujLj 3 (j^Aj 
(Atomic ^jill ^L^IaVI ajsI^a 3JaJ jj J dispersive x-ray fluorescence) 
j)A (_£ ^Jjoiaj (j^iliaJI a^j±i aLA^ ^jijj .Absorption Spectroscopy) 

. a — ^ux>o]l (jijall Ajjj^ia] ta3j . : .'M1 

SJlc. J tojjSj 4<AuiAjA oiLa£ Iftic-jj all ■ u Ajjilill (jjjjSlI L-Lulil tlulS Ijj 

^ jl c_Sjjoi ^lill (jjla (jjjoiaA A-iIIIIa]! 4_i^.lA]| j)A C > v^k jJJ Hill 

j)A ^ 'tA J£aAi SWNTs {_y=y^> Vt * A j jjx'n ^LaJI ^3l ^11 (j£l j . AjVnll ^Jj AaLaJI 

(j^J^£ll L_lijlil (Jx^a3 cJIajj iAHa ^ CAIjA Vtll ^&l (_£AaJ ujj *Ajjjld]l Igjl VViA 

oAA Aj\A£ A l^^kl J .ALIaaII AjSUajSII ^)-ajL^a^JI CAIa 4_A^j^)^]I L_ul jjaII j)A Aj^jLi]| 

(Electrophoresis) cP^ Jl? <^ mV T\ \ \ J^-aill CjI^j csij tjjkxJI 

J (jl j)A ^c-^l ^glc. t JIa!H c.^ a (J^jajj <1Lx 3 l^jlj Li3l^)C. jjLaj^)£JIj 

L—UjUI (jA 0 jalalA ClllalxA ^^ijl jl Aj^jlill L-lljliVI ^I^V Q'\)> (j^A 3 ^ J L>° 

! cj,)'\)^>,) g ij j)ij3J^)ia (.5^.) AjVn'l ^3 IaI.W'u^iI JJ^VI dAjYfill j)l j 4^jj*A 

.(Size - exclusion) L3 a > ^1I jUii^VI j sa^VI 

^3 ^aII (j^J^)£JI Clll^jA (jl A j)A l^jli^l dAui^VI Clll l^lrs a AaJjojj 

u^-j .SWNTs II ^^3 Sa^^ jaII cAiL (jA 4 _^LoA ^>^1 ^ l^tc- l_uI^ja]| 

Jaj|_^Aj o j£^All (_jiaLA^.Vlj 1 g (Jg.AAij jj'/ia'I (j_^J^£Jlj o^ixj-all Cllljj^) ; l]^i]| 

.(KMn0 4 cH 2 0 2 ) (j>VI ^1 caIa^^aIIj (H 2 S0 4 4 HN0 3 ) ^U^VI 

^ (<sjj£j ftAlc-jj l_jjAa1I c-IajI JaliJI) (Refluxing) ^^.l^]l l Vt^MI 
(Functional a \b\Jj caIc. ja-^a AiLjaj (jA (V0 — 120°C) a s^jl^)^. caL^^a 
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(J-olc. ^a Aj^alall L_njlj^U aj^. ^jLajJoIj .l_dIjjoi]| Aulalii (jjai^j 4groups) 

s % 

^3 Auajj-all dl^^ilLa C \{\ oVall AAa^la Jj^ilalia Lal_i^.l dl j}-i^ll aAA (jlxla 4 Ajo^j^a 

Aidk A_aAc.l3 (JjIL^a ^3 jj^IaJI tdlajailla cillA Aaj JUMI dal VVaA (Jj-saSla . ^^jLa ^La^. 
dldldll ^ja aJI^)] (_£AJjj Laa 4 NaOH ^-aAj)j.*oll A ujAj^jAjA (j-G A_a^£-o 

0 j)/Vall J^IaLiA Aic. aIc-IiIa £31^a Idaal SWNTS 11 4^jl ^ILlall £^juj ^ja j .Aj^jllall 

^ac. Aj^jUll L_iijljVl ^ jlj j I^A .aIxAa Ljajl Ig otiqi luuIjVI (jl c*\jaU t JlxijVI dl j-uulSj 

(Steric constraints) dljill 4_djj ajjS i .aa ^a ULJ a^ Jl jLjill aLIa 

L>° u' ^gjljAj^ll (JjAxlall lAA ^jl da3 ^11 (jjc. ^^3 J^aH tdl^Ldall 

iil_jjj tLal-Aj LUulaVl (jj^d ^3 S^jA3 AjIIjlaII SAjui^VI d^Jal A3j . LUuLaVI 

(_£Ajj A_^J1_x_a 11 aAA JIa <jl ^_^.^a11 L>aj *COOH die- j)a~na a ^‘aVa A_^. j'^aII IglaLalgJ 

.A i,nh\ AaC. ^3 JUJI £31 ^a ^ja £3^a (_^1 ^3 L_a^all (_£ ^la 

<_£jA^. c*11a dual A3j .^.I^Jl ^3 (Jj^^Jl ^A A_ila^}]l A-u1jaj^ 11 oAui^Vl (J-aAj (j] 

.AdaidiA 0^)1^)^. dl_^.^jA ^^3 ^dVl Jjl^dV ^)jl uaH ^)JC. Ail _jl ^3 

Jjlj!d.l ajl^i. A^.jA (j-Q UJjjAa A_iia3l ^)*J1 L_ul ^joiII (j-o AjAxII Jjl j!dl dl_^.jA 

.Ia^. oIWa s-l^Jl ^3 SAui^VI A_allx3 ^ nda Ia^Jj .SWNTS 11 L_iu\jl jux J 

^•s^ll aIjljIujIj Aj^jlill uuuLaVl A_aila AAlAj jj£V 1 AAa^)iall (Jxl j 

^UJI <ia^jio l_iuU1 ^a SWNTs c_iul_al J\ .(Size-exclusion) 

s Ac. ^jjl vTi V I^jjI a dLujLas ^jl ^-3 6 a^. 1 j a*j ^3 (Mesoscopic) 
Lamellar ^-^udall ^ajIL Ia| t^cdjjjll add Ia LJlo j .dl^iA^jlill ^ja dl^iac. 


jll ajSUojSJI sajo^V! ^ cilljdiVLa 4 (Tangential flow) ^UaI! Jajoll J\ flow 

VLt3 ^ juaB (J^aWall jl ^jIjjAII V j .SUiaB Aj^jlill L_iulj^/I IdLaiV 

^3 (J j^.a31 ^ja V Aj luuIjVI ^ 3 ! ^ al^U u_ul ^juill 4 AAjjoia SAx-Sl 

^j^AJ L^LLjUA ^Idc. (J£jd ^juj^aII ^Idc. SWNTS L_iuljl L-Iau^JJJj . (Jjl^ a\1 

A \ \* a ^dl 4^1 ja! A^^Lola ( > _ 3 ^Uajl 4_LaAa d^AjoaI! oAA Axjj . 1 ‘al ^ja o^iud 

. Ia j.u>iV*a <L^)ia j L_lulj!^U 

^uaj ^lill 4 ^jAx-«ill jq^All dl Aj^i^k aJI A jq Valla (^idla ^ ^kl aJLola Ada j 

^j^aj 4AjAjoi] 1 ^judaull ^_a l^_al j 4 SWNTS ^3 A-illstil 6^)l^)^-ll A^.^)A ^ja SaIaIujVI 
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\ (jls *(Py^lyze) IjjI ^\<\ \ g *xiq \ L_njljVl (Jld (jl 

<> 4 (Unpaired nuclear spins) a^> jiy* jjc. ajjjj ( Jjjo) cLA j:> SjLmll 

Nuclear Magnetic 13 C) 13 C ^uLU^i jjj jll cjUjj <J*a. 4_Li 

Electron Spin Resonance ) jjjjllj (Resonance -NMR 

ClbJa^u lil ^3 Ajj^^. ^Ijj] tjjW'i ^£aJj .AjIxII Adxj-a Aj^jUl L_lijl£yU ((ESR) 

A) \\x .all CIjLcUjoi^JI ^j.oa^ £a A_^JI_x_a 1I dl^q^> a\1 

jl^A £a Ja j^k \a (J^ x*n (_jc.lijj V Aj£Jj Aujli Aj *Q«,a S^^-aII 

4*’ \h\c- lijj ^^)ia Qp. A ajLuII L-lljUVI Jl^jlujl tillj ^xj ^j^aJj . 

(jj)^*un 4 o Ajoi£ V 1 A_Lajujl^j \ g Vt3 (j^AJ V 4" J filial ^)xll ^^3 S^C-Lula]! (JaI ^xJI 

c > ilkij Ij&j • 1 i^aa ^ ^ ^ij)^L1xa]1 4 ^)^VI (_£,wM 1 ^A liA Aj'q nil 

. ^ajL^Ha ^ac. ^ x *i j J^L ixa I ^-c- Aj^jlj \)}\-^ ^jLuiijV I Ai^. lq\» a 1 

S ^3 ^ ^ijI^Lixa]! (JI'vaN s^q^ a\ 1 A j^jJ^ljit-All dl aj^)~s 11 4_fl^jai LiA j 

Aj^nJVtaAl jIj SjIa <_£ ^joi d^nl ^A ^lill) SWNTS L_iijljl ^>aj OF* 4 *». ihi’i 4_a jjojj 

Clukjj 4 LaLaIa A A,jx Aj3^a*ix. a\\ l_i3l^)C. jjIaj^£JI (j£j ^ 4 4dxu!>U . (Jl*s a\ 1 ^C. (<LixjJa 

.A_i£_d aK^a Jiaj Jq^.A '1 jl &£ li£ 

L-iijliVI ^^iuiLujJ (J£d 1 g q nJV'i ^aJJ <alli-Ali Aj'q'nll dl jinks' ^j^aj 

IajIia^ & Ajqjh ^11 CIjIc. ja^a'I j 4_jji!lll ciljjj3 46 jLja UJ^ J 

sjIc. a ^ajjj 4 __ujljl ^jl^)^. (Chemisorbed) 

.(J±^ cijl^^a ^3 ^j>iA^k ciAjj^^. (a^^j t ». Laj^j 4^»^^JI (Crystallinity) 

(Annealing) 4-A a*j ^ Ajiiill ( xjjj 4 4_jl±mjVl 

6^j1a-<i]I dale. ja^ a\ 1 ^paxj AJI^V (11 00 1200 C) A^lc- 6^)1^)^. Ale. 

JjIujj JjIaVU A Aj^ua'I AUUB d\ VVia'1 j 

4 Aj^jUll L_njliVl ^jl ^ 4 _j L^AU a ^ x^ijj Uf^Jl *0->^ (Annealing) 

.AxijjA 6^)1^)^. A_^.^)Aj A^JLxaII Ale. A \a^a ^jl Cdl Ajl ^c-^j 
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AjjJUI! (jjjjiil uiuU (jl £■ Six- Ajjjg, al\ < 2 j| JjaaJI i_L^a jj ljLli&j 2.6 JjAaJI 


£^.1 jaII 

1 g jlc. ©Ate. ^aJJ (AjLa^IxaII 

^Cuslill 

[19] 

AjLuj^. jjja J 4_jja11 A_iAjl11 

(TEM) <Lill£ijVl ^_ijjjj£]Vl •> a11 

[12] 

W'ntn 4 4j_j^)£Ia]I A jAlll AjLa^Ixa 

A_iinii diijiii^.1 (ji_i^.vi 

(SEM) ^joiIaII ^j^^)j£JVl 4 _j j^a 

[10,11] 

4_iij j^. ^_3 j 3 4_mll 

(XRDJaAuxaII <*_ujVYj Jjj^JI 

[20] 

^Lill £jjjj 

(RS) (jUftl^ ^-^1 ilaA 

[21] 

DOS iAlij 

(FS) ijjjliSI ^aUl^l 

[22] 

4_ijjjj£]V 1 4-nfll 

<iuii ^ .mill \* a\\ ^u^ii 

(NMFtyLL^ll 

[23] 

^ j\~\ a ^4 aV^aN SWNTs 11 a_uj 

jq^ ^11 

Aj5i\ jIoa 

(EPR) jUl 

[24] 

^-1 ^j^l Clllj^^Aj c^jl.VqAll tJajl^ill 4AlJa 

LajIj j-i3 © jIiaaII j Ljjl jAj^ © jIaajI 

£ca^)4a] 1 jl jj-q^l 

U&\\ ^UoaII ^a (TPD) 

[25] 

i SWNTs 11 (jjljl^.1 ©jl^^. caL^jj 

jq^- •*!' (jj’W a 

AjjjLiJl J;'V' 

(Thermogravimetric analysis- 
TGA) 

[26] 

DOS 

(INS) uc- jjjjill j“i* jjII 

[27,28] 

DOS iALj 4<jja 11 4_mll 

(STM) ^J\ 

[29] 

jjALiaII ^ U1 »“<\1 iAjiuj*. (jjjS 4_ mil 

(AFM) A n » \ KIAxaII o^ill A-j^)g ^ a 

[30-32] 

©jAall t(_£ jl^aJl j ^gijjj^lVl (Jjj-ajlill 
Ajjl^aJl 

(TM) JliiijVl caLluUS 


Characterization cjljjAA] lLm sjj .2.4.6 

_jjC. SaLa ^jjVi jl Aj.wM Clil^iAAll ©Ale. aI^a^ $.Ia1c. 

^La. w'u^iaII J^^lall Ajo^Lia SWNTs Cjlqx^i <joial_iA c ' vwll j^iluA aSj .aaj^xa 

^ ^jLill ^gajl >/t\j 4_m] ^ q h^iaII 4i^)*_A]l ^jls 4_i^.lj £y* . Iaaja^A 

^aJJ L-lijliVI (jl j LaIujV . C_Lii-a jllll ClaliLiJ ^ l_jjj£ AC. LaJ 

2 • 6 (J j A^Jl (_^A CIjIjVq \W © A& j)A ^jn^ll (j^j^l'l ^aJ A^l j . ClAjYiMl (jA AAC. ^Jajoil jJ 

jjl £aj .AlaLi C’ Uxijl 4 _aj 11]1 ©A& (jl j)A ^aC.^)ll LS^" ^T^* 1 (J^ £_^.1^)aJ 4_ajIa £a 
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(JIjjV l^i! Vj L-lljliVl A_ujIjJ 4_1ioiLuj! djLuij llAjVfiSI (JS-»X ) 

.SWNTS II ^Ic. (jj^ua C(Jj-aa]l I^A ^)4C- UjI LaIc. .A-Lo^LIaS! (_ja Ijj^A 

Diffraction , jr n .1.2. 4. 6 


Transmission Electron ) (^jUill) ^ISuVI jjj&iyi? 4j j$a 4 I 
(Powder X-Ray aaIlJI hu&L J^~q j ^(Microscopy TEM 

(Elastic Neutron Scattering) jjJ I rn.MI j t Diffraction XRD) 

siA j S 4_ij t—UjUVI Aajj ^g2 Ic-jJjj jj£ v il ^y <j^lj 

CjUjJKNI (jj d* (j-o Lj^A ja. li!)llikl c. qhVi lg '\\\ t4j\jA^*t diLuflj j t j^Ial! 

CjUjJp£]j £_A 4_iiijuJ! <XjoiVI (j! c4jjjV! £A (Jc-lijj dllj J^pJjill J 

^jj) t^A < •vaSI ^ja tdilll .Jajl ^^)]| 

.4_ijjjj£ 1VI Aill^ll XRD c. LaIij (.A na il 


4ill£ ^jjjiJI cIjIajLcaI! L yij AjI^eS! ^.Laxt c!a clAjVqtll ^jli 

^^.1 Jij .(Specimen potential) 5_n*JI jja£ J^U. ^ Iajlu^j ^ d>ljjj&]V! 

i" iutn (JaIc. <jl jA JjjaJI <Jajoil Ajjjljll (j^j^^SI L_ujljl (JjSV'i ClAj.WllI 

c* \j\ ki\\ (JaIc. . (J^i^aII ^jlS! ^)a LaiAj I ^)j» ks-i (Scattering factor) 

1^. ^j\x >.s-i Clall 4-iiC. 1 ^_ujLj3 ^j£aj odai s-UaC-V ^ Laj !^4j£ 

<_ja 10 4 <_^A Ajn^ill <xjoiVI <■** ndn S^j.23 (j]j I1 a .(Ij^laJI <dj!.la.j ^>a CIjI^joiC- Laj^j) 
^aj'N^ll (_ja Jala A-ilc. (Jjj-aaJl (_j£aJ 6.1jatll ^)jjLi3 <jl ^ taj Laa C djli I &_J^3 

JaIc- ( _ 5 lll tClAjj^p j^JI J] 4 -AjouIIj _>^l 4 jx, a > i^ll j ^^Ajj^£Ia]| 

• ( 1^1 4 ‘\*n. i'*' ^ ) ^ ^ < 1 -v ^\\ l 1 ^ i ' u ii ^ 4 i *< u n \ l 4 n y \ 1 ^ *n i‘ii ^ ^_Ja 1^ (3 -0 1 ^ C_LliaLJ 

^.w'u^ij ojlc. TEM SI jli c^-j^jlill jjjjiSI ^-iijlil Jl <4 jou11j La! 

^^3 - ( \}> ^)g ~n a a i^aa o.l nm (jA ajLiIuj!) cijllj^a-lS <il y’u*)L/l A_iSlc. 

^jlS! j^xS! c JHaS! ^ S*s^SI a^Lajoj ^_ja (Contrast) ^jjliiS! (^3!^ claAiS! I 1 a 


ja TEM u! J 
TEM -> ^ 


,ljVI c 


I fy\ 


aaJl 


t jjj)^'i 4_uij l^-ji TEM (_>ala-iaiVl ^ 


( J ) 


.(Phase-conserving diffractometer jj^' ^ jW 

t " ^.-yA U 4_L-iaj (_j>i 44 )Lij] 1 (JjJaSl s_A*-aj jA m 4 <jl 

o^)!ia d ii-uiaj' o4d l“ a1xI£j El oj\k.j.s-» ^1-s.^kl ijj* 4_culLoSl o^atll j^Sc. (Jja^^. 11 (3^-1 4,», jt)nj 


L$ ] ujj 


t^l_Ja^jJaSl o^)LjjVI 4_iijiaJl AjjJaill i 4_ia.2^aj (Ta*^I l-a-a _jf^} (J^l a l *^4^0 

t 4 U (j-ul j 
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Aj jl JA Ajjjjj£3l <Loj^. (JiS j^A tgjJal jic. I ^aJJ ^Jl CIjI^jJI ^ (JaUIaII 

j^AJ 4 Ajli^ll Iaj Sjjxxa Ajl'i^ a£Iaja JjljVI Ajj^Ij A mil jl£ I1U .A. mil ^c. 

^^A jli JUljj 4 4_Aj^JI oL^jl ^ JjljVI JaULaiVI jA lg » a (JaI*j]| 

WPOA) ^j^La" <J31 ^^^ajaJ . A, m 11 jjA^l ^jjaLia JJjLaI 

Ui V] <a^ cillj J£ jl .(Weak Phase Object Approximation J 
c " } ; WPOA Jj^xaII SWNT ^ij c > \utiW ^uj 
jl^).i^J (Tangent) <LujIaa aa^^JI j^£j ^ ^ n*\ ajj^I ^a jjliill j^fLj i s^jaIja 
jj£j £^jJ«£all jli ^JUIaj 6 ((j_^,J^3l djl^jl ^3-iar a (jia jl*j <Loj^JI jV) S- 3 _^VI 

jjal^^JI A jljnJ S^lc- j^Aj V . aj^jVI jj.ic.LiiA jJJjljJ-a jj3-i^ jc. 

jjfLa >." n*\ t i 1.1^. aJjaja ^^A SWNTS j)A aJojuj jja ^li^. t j^3j -S^JjaIja 

(J^ljU JaLajl ^_£.ijj Laa 4 I. *1^**1 ^)j£l S^JjaJI jl . C. <iJ3t oi-i ^J^la H ^aJA^JI 

% jpA\ iSj^ l>° *L*UI c^j >11+* Uj^ c j£cj V Interference patterns 

^JjaSj £. ^joj jLi^V I (_pax J ^ (_£ .i jj I 1a j 4 j)Ja ill I 1a & I jaJ ^3 I j)\/*i^ i jl j^A i 

Ac.^uij (J'W‘i Aj^jUI 4_jjjLiVI jl jA TEM 1 .1^.1 j L-UC- lJLjAj . Ajj$ y/A\ ClaliLnll 

Iaa 4 ( 1_xa jUVI jl 4 Aiiyij ClAjjji£3VI &£) A m a o^Ljaj 4 _fij^}U (_jia^)xjj IaAIc. 

jj.iJ A, ‘mil A Jo^^Ia A^^Lk ^ja^II ^ja 

s^jaoIja SWNT ^U^ai 1*^aa ^ix-£ 3 j (Imaging) ^a 

Allx 11 ^jC. AaIc. ojia ^k. (Jj)j>^i^kl\ j 4 MWNT II dj|_i±Ia ^C-liill 

Ia ^ j . (j I J ^al .^VuxiIj 1 'i^aa Lia£ A : mll q c I ^aaII Clu^. ^ja . l^jllj j 

AjIaIII o^a o^a ^ ^_ja AjaA I Jal ^Jjj^lij ^a ^jla 4 11 a ^—aI^aI 

(jl i j)j^)j£JVI jktAll Ewald criterion ^ I^aj . waj 

(Reciprocal JjUII ^Jl ^ Jl jjI s j£ ^-LUj ^A 3^*\^)La]I 3-i a ill 

(Fourier Ajjjja a^I jj aJ^ J j^JI JJ_u3l ^Jl jl J’n^ j .volume) 

a_ijI j 3-u> J Jluj aJIj ja ajI j3-io*iV Ajjjja jVj 4 Ajqjq-JI Aj^i'l transform) 
ajJo CjUI jhJ (1) _? SWNT iUjl jjajj IJ 4 (Cylindrical Bessel function) 
jjal j^JI a£j-uj (Helicity) a j-^IjIaI jc. t, <a/^'i (2) j 44 _j^ijVI ^_^-a ^a j^^All Ajjk .1 
jl Vj tliA Ajljx^-iqill Cj\jx>iIj^)3I l-a^. J] j Iaa . Aj^n^iUI 

(_ 5 jWj ^Aj^Lojj Amelinckx (j^ \ iIjaI (J ^3 j^A J aj^jUI L_njlj^U jjji£3VI 
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(10,10) SL5L^a JaLajl 14.6 .AjjJalj^)]! Clj^Lu-saidll c!a ^^Ac. 

<ii*_kJa 4_1 j^xa 1I SWNTS I JaL^jV! djLujl^x, *lVl 

,*\g -s. ^\ 1 V CL-iludll l«^_l . 4, m il J CliLaLill (JaIc. ^JA J)X kS-j C. ^ 1 U i.) J 

. ^4^1JJ^}2kll]l JjA^JI ClillLiJ ^j-0 SWNT 1 (/77t/7) <AjuAa11I 




^JjaC- Jjjj AjC- (10,10) Jjja-a SWNT — 1 <jjja£1I Jjaa StSl^-a Laj (S) 14.6 

£)jlj 19 £Aj-all £>a) *( < "t^^ J-3^^ 4 LT^ 1 J-aC- 4-aj^ £-a cJULaII Jaxui ^Jc<) 

^1 .SWNT (bundle) S-a-ua <ja o jjAilVI Ja^J (cj) (S jj.wall j.*alll IOP <ja 

>jj t*n*\ Ja^xlii £ jLk ,ja 4iilai« J-L^j . (jASl^JI j JoaJI <ja JS <ja 4^ua ljLujIIxjI 

LaaII LjA ^^U la-ual JjWl <jl3 lSI^I j . ^ j^Ja ^11 £ja Jjj-al IgJjLj jjjju 

.(53 <>) 


^JaJ ^jA^. ^ li^il SWNTS ^JjVl 

1 <}j.^ £_a o^^xlLo SWNT JaLajl tc_J 14.6 J<^11 ^^3 Jl^jl ^11 (JLiaII^ 4(J±^JI lioi 

^jl jAujV I 1 C_lx-ali I 1 a (j] . (J±^JI ^^-a CS^ djLuil^x iV I ^j-o ^^Ljaj 

11a ^c- Lilli j tL_iijlj!)U jIxjVI ajjLjj (Lattice) A^u’ill qa ^illi 

L_l^llVI ^^^-a ^ja (j£ djlAl^jl C. ^ j"l Vi ^lll A£jjoi11 ^jIua .IC-Lil ( xa JaJJ^)J t Ix-sall 

CIiLujI^xjI ^jli ;4 j^j11I ^ j)J-iai 11 .Ic-Lil qa ^£1 .Ac- Lilli I^A <j! Laj . Ioa ill A qlViAll J 
<l^Lk (JjLaa L Qx^i MWNT JaAil) .A ^si^Wa Q Ale. (Jf^-ll 

(j-ajja Chiralities ^liJIjj^ll ^jli tt^lll ^ic. oj^lc. (.djlaJall ^c.liill 

JliL J L_l^l! (J£j <lajj^)A <L-aiiAll ^131^)^11 A^Jjai L_i£I^jj ^jl ^ 1« j 4 _aJ)^ 


LaAic. l^jlA^a ^jj ^^il! diffracted beams qaj^aII ^3^^ A^fuall jljlaVl a.>jVi Ljajj Ai*-o aauII aja^j 

l-l^^l^Jjl! (3 ^ ^ 1 g-3 o AA 4 i‘‘i ^ \ 4 j^ A 3 ' ^aJ A3j p 1 . ','' c~. . ^ \c~. I-» ^ ^ 3-1 ^j-uJ ^-l j 
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Q = ) 11 j (Q = 2.94 ) 10 Jaaj o <jJ jSI 

g.1 oL^jV __)I^a ^a (_£ aSI ( (Meridian) (J^Lall ^ic. (5*09 

£JJjJ (JA ^Ajlj (jJ J$VI fiA^J ALU-all Ajjl jllj . (_£ 

<<,iA\\ (Ja J£1 ^jljll .aajjJI ^ (Chirality distribution) jiA\ j£l I 

^9 ^ (_$\ jl g.1 WtVI ^9 AjjjoA lUti j A^Jjoij A_ij\ j!1ujVI 

A_ixuLai^Ji (jli cAAixll 1 _ix3^a \ ^i'S.ci ^)3jJ (jl A_ijj^)j£]VI Aj^-^aII ^j^ajj IajS 

dll j^L A^.jj V AjI Iajj AliC. ^“i Vi CIAjjjj jjjllj A_mjaJI AjuSvU AiixjJall 

Jajoi jJa Jj^»jaiA ^,* 1 W (j_)ia ClAijjj J XRD j te^Lo Ajjjlj L_njlj| 
jli tL-ujJI Ia$J . (a j axIIa JLa> ^t) (Polycrystalline) cdjjLIt $aa*1g cjli»J 
ur^' uj'j Jl t /7A0 jjal j 2 J (Anisotropy) ^12 V cAUl*jl 
ajjI j jlpjV AjaJij aJIjS Jj3 ^ sjU ajIai) (Warren lineshape) 



(jjjj . 4iI2La Aj_jjU L-ujUi <j^> 4 I 1 LL 1 & diiLj ‘ a at j j jj jj 2I J JaLu) 15-6 J 2 -'. l 1 

ajj^tl jjxjj .4£jJh Jja ajjJ ,j tLUxa < _ 3 _wu^jLc- jLuluI AjliJaJI ej^all , Ji ^ '"• * »" 
j^ll 4j>«) 4 j&I 21 Jaj i— uAj AjjjSlje jS J ,jaj ^ PLV Ja^.* Q ~ 1 .8 1 -lie 

(Elsevier Science B.V <> ^iL 25 
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.J±^JI a£j-uj _jjij J Jjj (js j> ‘ r ° q ' 1 " o 4 JMI XRD jj^^JI ^ u^il 
<L-all dill cii Loi^xj^l (jl (~ 1.7 nm) ajJj 444 JI 4 a^I jj^II A^yiill dull j*j j 
^jj^p (jklj j i ■^jj'vll jj^. j^^>* J] 1-^- fc^all Ijljjll i-“ n dl dc. j)A^j 


j^Adaj j^AjS ^ a - Q - 3 J-Vl J* LaSj .11 j 10 tlySl^^aJI (t^^ 3 ) 

JLill A 4 ^lajolV 1 (_JiuiJ 4JC 4 1 . .1 y. - ^s4-a 31 j XRD SI 3 ^laAJ ^3 oAjoll 


jl^dS dlLjj^jJ ^44 J^la. la ^ J 15*6 _T 1L 'SS (j44Jj .SWNT ^ya 4jajl_iSl 

:alj .1 $js til»UI p Jl SjLiVI ^ ^(Polycrystalline) tiljjlJI sud. SWNT 

t^LaiCull (J yla ^1) ^4a. SI ^)la3 ^4434 ^3 iLa 4_jl Ljajl XRD 11 3j4a. till 

J^U. jxij Sjjill (Peak breadth) ^-Lil <> (Coherence length 

.SWNTs _S1 (j4j Cil jiail (Interstitial) S^ill Suliyi 


Raman spectroscopy 


£)Lalj A j^ljho 2 . 2 . 4. 6 


lAal ^ J44144 (_g _jjlj]l t_i jlVl ^jlc- ijLal j A43UI341] Ic. jua jS&VI (jaiLdll (jl 
f . 1 .^1 4 1*1 m l ^ 1 ' i I'-S. <1 1 ^ I Cl 4 Q lll l - -.~N.~N.l l % &. 4 \ <(~- 4 \ 1 ^ 1 — > Q \ \ 

4_pl_^.l 4j*_uil 4_Aj^. j*^ »^! AdjJ^lJ ^VI-^IIj dAdjJI LaI dAjiJ jjJll 
<>1 a j] dip.j .$jli« "AjjAli" yu Jl Jad jaII jjj&JVI (Monochromatic) jjll 

4j|^ ^Jj JJ jjj£lVI c^jjUall t.“ (n\Vi Ale. V <ILaJI 

lulj . j jJ J dllxdl Jl <_£ ^ jJ Iaa c 4_uiii j jj^IV I ^c. J]| J, la ‘til ^jAjJa <^.\Ha 

AiUa (cIiLaaII) c1i*Hia 1I (jj4 Jll ^ u^aj (Inolastic) vwll Iaa 

.(Incident photon) ±AjJ\ jjjJll jst j J£l 

S^jIjVI ^jIaC. ^.IjjI <1^.1 x^aAll CjIj1j 1]| (Jliljl Jj I^A AiUall (3^ 

(j Uj a^. 1 jl I gjl c. Jluj c (Excitation-decay process) j ^JjjilVI 

CjLIjIII JaLojl jjj A^Ua]l £a (jaljjj jLoJ 1^.1 jj jl^ il^Aj .(Raman shift) 

IajIj j) JaLojl j)A ClaVUljVI jt-oj uaVij ta^lc- j ,An» II ^3 L^_J ^-^a-uiaII 

(JjJ^IJ (Wavevector) ^^.^a]I 4 Via II jlj .^J^aIa Aj^^aj JalAjl ^Jj (<1 ^aIa 
.(Scattering) JxJI Ja^ J J4*4J V JxaII ^ 


.aJjLaj c > t ua t la ki\ \ (jt-oj SWNT 1 RBM jli tULAjoi Ia£ 



.(7*6) 4_IaI*_a 11 tLg_j ^’^ax*ia]| RBMS I ^joiLia (Jauai Vi 

Van Hove singularities lJja Cj\ I .1^.1 j ^JjJa jJ ciilliA j 

I In* I^)la3 (Jj-aal! IIa (_$ jLujJjoij ^La^II LS - ^" ^ DOS 

4_ILi. ^ja V*^J 4 ^1] cj-J^ (J U^ -4 ^ (jj-3^ AiiUa SWNTs 

dIa jU ^ .10000-100 lWju sjiayi ju^i cj-° tAjjJal^lal 

A.^1 jjl (jc. ^aujj (jl ^_^.^)j (J ^lall ( Resonate^ o_j^ t> . ijAjVI 

(J ^lallj RBM I (j^^) 6 ^joj ^i*jj c<£j^)lall oA^Jj ,^\jua^\ Ia^J (j^^) 

S«luj JaJ_j Iaj^Aj (Jj V n^i^ll £ja (J*>j .ials A n* x> L_ujli! ^3 11 a (j] .-La^LoJI 

4 Jalllll Aj.l^j ^3 Lxij I ^A (jl-ol (jj . (jjiX-G L_UjljV I J Ac. (jt-ol _J 

^as\\ ^ja ^Uaj ciillAA cRBMS II ^Jj AiLjaVlj . ^la^Il ( (J^jaill ^yulj 

^a, W'n^nj . A n* II ^3 ^J-Vnxill ^jjc. £. 3 ^ C5^ D~ ^Ualli 

(_pa*J ^Jj S^jLujVI CIloj AaI j .Am II c-liLi] ^ij^aj (jjjl_iiLa£ (J^*>* 1 ^3 P~3^ 

.16.6 J^l ^3 4_l^.l^-<ull jLolj L_fll_lLaV djl_AJOl]| 



(_yA 4 -ail 4 j 4 )hll di Lcu-oil . ^j^a-a^IL fillia AjjjU l-ujUI £ja Alj-ai ^jLalj t Alla 16*6 

U W ull .(RBM-Jj^alil) Ai g IsIajS (^) J c D-^jUalll (lj) 6 (G“ ^g( 2 ) JaLoji (S) 

.(53 ^j-ail Cy) .RBM 3 ^^ Jji^Uj 
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j (11,7) SWNT 1 ^ ji!) ^uu>il 4JUluiL » Ijy^ 17-6 

jlaaj (7°) (Chiral angle) Oj'j - >-LaS oAj&Ij (Indices) ol Jjxaj 
.(sJjJajJI jiinU jl-J g-» CJ j W 28 ^j- 9 ) .(jla^jjU 1.3) 

Scanning tunneling microscopy j^w \ 3 . 2 . 4 . 6 


(jjiall ^ (Scanned probe microscopy) ^LJI 0 *y*\\ ajj^^a 

^)Iajl) l_jIj£ 1I ^3 l$J (JaI£ (Jj-aa ^aJ .33 j tAj^jLiSI AaI^^I AjaI^jJ ^3 

^ c (STM) ^lxaaSI Ajjg y jU Aj^jUl! Jjjjil! L_iijljl A Uj.nlljj .(cUlfiS! 
A, J-a x STM ^oLaj JI.3C.I ^j£aj . A_iJJ^)^liSI CIjLujI ^).3SI ^_^a ^j^ajjAxaJI A^.j 

s ^ Ajjjjac. CjLdIa ^ C 3l*- Q (Spin-coating SWNTs) ^1 j:> *!1L 
JaiuJaj (<77 K) AjJai^-lA 6^)1^)^. A^.^p Ale. (JIaC-I ^3 »(111) 

^c. jIjj AiSjj ^ n^j AlixJl ^ja Ajj^jj STM ^jdj jjjV'i ^aJJj • ^ T*.i 

^liXJ ^aJJ ^)jjl ^)SI (Jj 3 (_JA ^JJlA Jj^i^ .(Vacuum barier) £-1 jail 

AiaJ^k 1 g 1a~n aj £_iJaj o^A (_)d^)SI A^.1^1 (jl . IHjIj juai ^ jiitoji 

. (Atomically resolved) Lji aj I/u ^a Jjjj a^jJ&SVI L^jJjJall 
a^ h*I)\ ^-ujIaxaII ^SaliiSI J<; xaiII ^a .SWNT I STM 17*6 cJ^jaSI 

. A J^^^IaII ^jc. l_j^i£}LS (/7, /77) ^^jaj^a]! j (j^S _>^-SS 


diVl^-SS Aili&j Ajj^SI A_mll ^Ic. AliLli ^a STM SI Sj .33 

0jaa 1I Ajaljj^A ^jc. ^ikVI l«3A ^gic- (JjjAxaJi .SWNT IS A^jjiilVI 

I^£aj .(JjjI^SI J! (Feedback) sjj^aSI aj.^MI j ^aaSI l_ alajj t (STS) ^^liiSI 
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. (jja All ^ ^qq'tSI jLiill ^ j c J)j Vill ^jaa ^jj t ^Jj ^ aSI llLlj ^jJ j \\ ^a 

till^S cdiVS-^-SI Ailj^ £a Lp^)ia dl/dV A_ii]^ill ^lj A_iuiiSlj A-Ax^s^a!! AdLjalij LjJjujIjjjj 
IS ^jLjaaSI ^jI^aSI ^ l^aM 1 g » x>~n ^Illl ClAjLnSI ^ C3 iff © T© PI t i 3ti 0 PI ) A_i]jJalij <jla 

Lull J ;SWNT SI ^UjjSiyi jll ^l^V 1 j^VI ujj -DOS 

SI ^ ciAjj^l^lVI ^Vqj ^jLuJI jLi^jVI J ^ caIjaIaSI ciaVl^-II -Sajl^^. 

A_ij^il (J£ ^jLml STM .aJ jaUII ciiVS-^-SI -LaA^)^. IajaI^) tSWNT 

(chirality) ^^^jJI^j^SI a ju^aSI AiDlxll ^^a j cAjaiij l_j ^AAl DOS SI j Ajjill 

I." Ta.'W'h J .23 j 27,28 .Iujj^J lAjLilkl ^aJ ^lill SWNT S A-ljjjJ^SVI (j^ajL-a^JI j 

A SjA Ji AjLuj| A_Lajuj!^j SWNT SI DOS S ^jI^aSI L_jl^)lajJaVI -li^llil l^jlj Aj^g \ a \\ 

33 . Extrinsic dopant 

Transport measurments 4. 2. 4. 6 


Aj^I^^JI o^^iSI j cAjjI j^JI AjLa jaII j cAajIj^^SI A_ilx^a ^aSI (J^aj 

A,m S AjjojLia <_fll^)Jal J^^-aS ^jc. aJ^jaJ SWNT i ji^n! (Thermopower) 
SWNT 1 (Jiitl ^wajl . 1 1 1 ^ ^ya ,<jj^)£L<i 

. 4C I ^11 [jjQ 



SWNT _J (Atomic force microscopy) Ajjitl i 5j>-= 18.6 JLuJ 

£ya Spin— Coating ( _ J _a j.lil fiUal! aJoluIjj (jjuiLJI (ja LjljjjjSJI Aju^u l _ r Sc- JjjjLa 

^Lfll Jjjjitl .Si0 2 ^ SJjS J l ^tjj .(Dichloroethane) J^Ia-a 

. (C. Dekker qa ^jiL a a . ,.**, „ . AjjUL aJjjU 
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SWNT 11 a jL^^aII cJaia ^jJal^JI di2 ^11 

oAajx-oII A^Lj^I CjLojLull ciilj ^^3 A_1 uiaj^}]| Aj^*_x-a]l . ^jjaLia k'1\) A_p^}i]l 

(JjUalVil] A \f\ j!i\\ (jl ill (_£ ^)j) . (_)jjIaj]I <Lg jULa L_jl_ui^-J ^LAjjJJ Jj<; kti) ^^3 IgJLjJa J J 

£^Lla]| ^3 Aij^)la Jajaijl (j]j . (^jia^)x]l 1*^^ (Jaa^I Clll >a.o AjujI (_ja 

CjIjjjJ&WI U\a\\ fn dip. a!j[£. *j£j SWNTs _1 (Spin-coating) ^ jJI 
(^\ £3^-° .Ij.Wil (AFM) Ajj^II Aj^_^-a A_lajjjl^j Am, 11 ^jjj 

AFM a^)jj^a 18.6 J^'H )V (JjXuj C5^*^ x*oll Jj^jj£JVI -l^C* ^-kJa^Al a 

U-S^Ia ^1.1 Vu ti\ ^j£aj .Si0 2 a, Vi a a A_x_Ua ^ic. (_£ JP^J SWNT 1 

(jl 1 g x^q'i ^j£aj i I j^*-uj (j^-o ajI_jj ^^sLjal i_jj^) 3 (Lead) 

^alP Wil lx>>jl ^Aajj .aAiaiJ L * \\ a Ail ^3 AJ^jl*JI Aluo^Vi AAila (.** 1 Vi (jjiVVill <jl£ lil 

(jjjl <La^^. ^al ,W"ui.il (^£- 0^-ill iS J)^\.lJ » *^1^) Va STM II (JjjI^) 

a^A ^al PWl (jlj \ aIc. ^Ac.1 sl^>lal £-A^a^] (FIB) a^j£^)A 

SWNT (_ja LS^ L_2^jlVj Cj U^)V ^ . lo J-Ua \m*xi ^)J^VI Aij^Lall 

^_ja (J^ill ^aI^Is AjuIaII a^IiVaII ciiljVq ill ^)a Ia^jjc. Iaijj .MWNTSj 

.Aj^jlill L-iijli^l 1 g ^nlV tjl jj V a^A <ja I^jjj£ (jli tClAjj^VI 

^3 ^uaII^ SWNTs 11 (Multiprobo) cIiLol^-aII a jaxHa cijl_ujl_ii]l ^pa^*j 

tiilj ciiiLj ^ . /— 1/ II t, <ajl-a <j? (Plateaus) ciil 18*6 cJ^^ll 

Jjll ^LJI J-ia'iII l^-jl .^"l» J ^Illl c( jiixJJ J^J ^1) ^IluLlllJI (J^ill AjIaC. 

. SWNT J 


Modification 


Jj^uil 5.6 


AjjjVaII ^j 13^)]I ^^3 6 dll ^)j\Ja]l j c^jja^JI <iLlj ^^3 1 i^aa ^ u^ol 

A V u i,i (^ 4-lAuLllil A^IILaII jl ^ aII ^gajl >/T\ (Jjx-r-iq 1 

il jjVL.111 ajLaI ^Aajj t^p^l ajIiIa l-jjIIiaII (jl^ 1^1 (Tempered) a»ji)^*ij 

. AlllL-ea^A 

^3 ^>J^I A_iaAI 4 "m a ajl-o Ati.i.VA o_j^]l ^jl 

|j J ^jjjj I j| a_V^a]| (JjI^JI ^ja cJJall ^>3 jjj CLu^k ( ^1^1 1^ 

Aj^jlill ^j^J^)^]l 4-lfjl-jl A_ijjL^. ^ja LijL^. (jli .A_1 a jIaII ^_yajkl\ ^-a L_boi\jJJ V 1 \i» a 
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j^-GJ V LgjS 

<> Jl^ v ^i Aluty 


j . JI_igj£ (Jj.Wil' AAjIS 1 g \ar ~>j lg_jjJj j 1 g/n n jl jA 

j^a 3 j 3*JI tSlSliA jl V] Ajjjlill L_nAjVI 


jjall o3A (j^ia r 1 1 1^*0 j Ca-uokll I^A ^3 . L_Lilaj]| ^ iu>i j (_j^ajlx«o*s\l ^3 Ldl^iixj]! 
AjjoUjj jja i^IJIjAj .I^j3 JjJ Jillj AjJjII l_iuIjVI l Jc. ^uujjJ jJI j! ^ gII j 
JL jiJI jl jLaVI ^(Covalent modification) a^gaL^II Jj 3 *j : ^ j ^ JKM 

.(Filling) a1^A \ j t(Physisorption) 


(-ujU (Ji AjaALaSII JjJxj . 1 . 5.6 

Covalent modification of carbon nanotubes 

II jlj^j jjjuxdj 4 _iaALou]I <. LllajJ ^3 ^JJH djIjjxJI j)-G jl^ 

j-G ^j]l 4 _L^ 2 ajuj 4 jqjJojj C 1 jIc.^a^-a] SWNTS , Vq“i^‘i . L_lilajl] 1 . 1 ^. ^LojlLoll t SWNTs 
4 juJLg 1 I 4 j 'J^JI c(Derivatization) J ^ 3 l y* j^£j jl 

L 33 j .<ic.lilo ^)JC. JJ-gII j^J^)£ll dll_j3 Lg AiLLall 4_i^.lj j^a o^SlIuia l <jJJi 

— date. ja~\a II JajJ jl j^-GJ 4_dli]l ^3 A^q.W “ u*i < all 4_)Jll dlldaj^jJI jl jjLuj Cll3j ^3 

£S\j* ^a Ljajlj SWNTs II ciAjtgJ 4 (JjVI JLgII ^3 tOOOH 

<3jLoi]I ciS^ j\^a\\ c \ wit) 33 ] j .4_njlJI I^jj3^. ls^ 0 j 4-Ldid-G jl (Strainod) 

I3A £ j^. (JI-\i**Ua)V AjjjJa*JI Cj\jj3-g]I ^3 SWNTs II U*\ Jj 

3XgI ^Jj ^Jjjol£^J^J]l (J >1,0^11 jiL^. J *44uilui]J 4-1} Ja djLj 

SWNTs jLJ SjLj J UUj < Jd*-* ^^g^ 3 jjjK jjc. (Octadecylarnine) _JI 

1 3& ^ H^»l 3a]j ' . 4_2 Jaxll idLlJ A aII <. C jlllua ^jIjj^ c ^a^j^3 ^3 

O^JI cilli .SWNTs _S J^ljjll ^)Jjuj! jl 3 j-gI ^LudjV A-olc. <IljalJ ^ooli^ll 
C. jl 4_i-gA1-ujj AiaI ^jc. Loj Lx-g SWNTS .4 qj'^ll o3A dliiliujl 

lg JOLlujlj (j^O -2 ^J^ 1 X>^II (djj^j ^g3J)Vl < C>) dal 3 JJ jIj (Jjx^jjj]| 

.^^)dl L_lijljl ^3 4 \a*\a ^ j^)3 ^-g 


Jl COOH - CjI^ ^g^g! (Preferential) J^ajll AildaVI jl 

j^GJj .f. <iad *^1-^1 0^)J^>da ^ ^ jjUll L_3 J-P^\ 

i (Electrophilic compounds) Adjjl^VI Aili&U <^L^JI djLi£ jJI AiLjal 

4_njU]| jlj^aJI Jl o J.I xg ^(Dichlorocarbene) jjlill Jl_u j^Jll ^ J U, 
<Jajojl^j — 9/ ^ Jj (Jx^ij jl jj^j^jd^JI j^-Gjj ^jl J*il ^Jc.j tSWNT U 
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*^,3^ (J^-Jajl A i (J^jl^)la]l d3a ^3jJ I-a^ J • BifCh (Jl^lkl 

ijA ^ ^UJI J^aJI Jl 4iL^>U Ic. J&VI jjjJall J Vj c(Derivatization) 
^jc. 4_l^_uaj ajjjUII L_nj\jVI (Fluorination) s^j^ia ^j£ajj .o^^lAll 

.(150-325 C) a >. sik\ \a dil^.^p Aic. He ^a <. ai^All F 2 _jlc> 

uj^ l>° C 2 F Stoichiometries Aj^-aljc. ciiljLijl cJj^^^ll 

Ij^ax 5 j.1xj ^ -1 ■ *o-j jjlalL p jiill Ax-j-a^-g ^jl .L_nAjYI 

phenyl) (Sterically unhindered) alkyllithium AiUJI jjc. Alkyllithium i_LSI j£ 
alkoxides J <(alkylmagnesium bromide) Grignard Jjlijjt i_l$I j£j t 
^jc. <Jal_joaj dj^Lc-Lilil a5& .( sodium methoxide ~ jjj -^w ' ^ . x x. ^) 

^ ajj>>.c. oljjju (Fluorotubes) Sj^laJl l-xjUVI (Sonication) a^j^ 

(jl C_L^J (_£ L_J ^ijl dal (jl IaJj .C_LS£]| q A , 1 J_^a]| 

u' SWNTs II o^-I (_j^-«ua ‘c^M jl ^Jl ^jI jiil 

dale. ^ a^-aII ^a SWNTs 11 j! ^jI^2I SWNTs 11 ^a Iac. <ail^A 

^j^i^iVi V ^1 JfN\ SWNTs j)^a C^j .Ja£a ^Lia^La]! 

e-lill fluorotubes s^j^UaII L_nAjVI <jl ^^uia]I ^jaj • <* s^a ^jla cIiI^iaj 

ajjIa!AJI ^jlj^JI £* J&U 1 II &. (Defunctionalized) l^liJijj 

^jl j^JI J^UjVI Lfr k*j J .ajL-sVi aj^IJI ^1 >^l ^ jIaV (Anhydrous hydrazine) 
SWNTs I a ! aV 4,-vjVi 1 x>>jl ~1000°C ^jc. q^^jVI di^j 0 jjUaII L_iijlj3U 

cJlj Ia A ^jC- A_lj^joL<i]l A_ilVl tjlj taAjoij j ■ 


I 



j_)jt2 w 4A, a' ^"’ ■ ■' !| ^1) : SWNTs —11 ^^utLuu ^ji UU>. ^ 19*6 (JSAII 

.-.IUU4 a'I aj^J A SV.A. «ti JLLu,^! ^ JjJxll lilSUfe .sj^jlill (II) j 
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^^aLaISI ^jiiiljl ^jjjxjLoi tillliA (jj t(J j£ll Aj-a^S-k 

±J\ J\ jU\ JojIjj ^1 (Carboxylation) a1±£j jj£ (I) :Laj .AjjjU]l 

(J1 ,\nJ (Jc.lij Igjlj s^^iiSI (ll)j i (J.VuaII .i^j^l^SI ^jc. ester or amide 

CIAc-ja^-aIS (JjJaSAll Jajl^j!iSI C t \ u*n A_i3^1aSI (Jj^xj I Aijj^}laSI . (_£jjJa£- ^j.Axa ^ 

^jLoia ^a (II) 1a m t (Strained sites) aIxAIaSI ^sI^aSI ^a 

t A jI jV I (Ja 19-6 (J^jaSI A »>i ^a AaIjlSI CliUala^All . (JIjlS _jl .1^. J^l ^ **>1 

aj^jUSI L_njlj3U A_iAALuiill ^.LiAi^ll ^jl .SWNTs SI A-u-aLk Jj^xjj ^a^. jaSI ^ia^iiSI j 

^ cia^S-c-lidSI ^1 j^S^a (JL^-q ^^a 

^^Jc. 4 -iliiiSI Ale. .Ai^j-aSI 4 j\jS ViSI A_i^,Lill ^ja a_iSj! ^1 ^a c * iuhj SWNTs 

.Ajc. L_Lal£JI ^'uul <3 ^)*aSIj Liic. 311^. (jl l^_)lj ^ U^U*)3 C<S£jjiaSI 

^_^a <j£aa SWNTs S Alj.^nll ciAAJi^\ ^jl l^jl 

^ajj <jl I^ia ^Jjjj ^^giiSI c j^lnll j ^jj^^JI C 5 ^ o^SiIxaII (Dopants) ciA u^aSI j 

(jiaxj (Jj-a j!iSI (_j£aj • (jUalSI A_nj ^3 t ^gJI jdll 4^-jl-ail J aI^UaSI ^jjIiSL^JI 

l_jj£jj1I J3U. ^jaSI ^ U B x C y N z _£ (Stoichiometries) Aj^-al_i*]l CjIjUjVI 

. jliJI jj ia ^ (_£jl^pJI J3LiJVI 0° J £-Jj£iSlj 


Aj^UJ! J 1 J 2 AH 2 . 5.6 

Physisorption to carbon nanotubes 

(Surface adsorption) jl jioVl i> ^ ^JLij^l jl jioVl cWy 

Aa.1 jll jxJI oljj (Trigonal) j^lnll AjjaVI . (Intercalation) ? UiVI j 

^j^aJj . 4 Sj~^2 dj\jLail A^-»Jalj ^3 I^a C5^ SWNTS SI ^j±l 

^Jl a \ u*a Aj^jlill L_iijljVI (J) jl ( 3 *° 4 w >a\l J£ii J (Intercalants) c1jIaL^3VI 

^j^Aj^^Slj ^ ^JauIj ^iSI ^ja 31-^ (jj DOS SI L-UjIjV l_jI ^ yiajJaV I (j-Q ^gj^VI 

galleries <ijjja cIjI^aa l 5 ^j i t> " cJ.. u ^l j ^ (Intercalant) 

^ilSVI (*S_^3l c JlxJSjj .(K and ) djljjjl£ A^u^Lujllill ^j^sl^^JI 
(Stoichiometries) c^IjUjI ^ SWNT _SI ^ aj^I ^ c- 1 ^-UJ ^ J* 
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o^joiLia Aj^jlill j 4 •sj'n AjLoiVI . B^C^J KCg <JS_^> L^° 

JiLiA j& ^a j^JI 1 Am (j j^jjJI ^jIa ^ jJjoAj^SI (jl £iil J j)A ^t- Jl ic. . B ^ J K 
• — 30 (JLlj Ajaj^i Jl A_iA jlLaSl ^3 ^alq^k’il (jjLiSl^Jl ^3 J^a^/I j)A 0JJJ 4 jjjJflSl 
JJaj ^ J^. (VjJ jl 1-^xj-a IaI) ^A^ja ^jjjoia a^. 1 jlj idjLl^-uj ^JjIjj Jj l*1S^ ^ijou 
A W /till C 1 l)LgL^. i" n-\ ^J) jl/j AL-a^-a]| t, \ks-i') Aj^jLiSI L-iijUVi aJI-^. ^a o j^qSI 

.A_ij.Axa 1I AjjjllSI L-luUVI aJIa. J 

JiaaSI £a Jl jlil ^^A^a (_£j1aa AjjjJ A-IaI^a] A j*sml jj-ujV 1 o^A ^tliij 

C±^J a J^^aSI ^Jc* 33*^ J gJJ ‘DOS SI ^ (Singularity) 

(Non covalent-doped IiaaL^ JLLoSI jjc. ajjjUSI l_JjVI jjj V j .SWNT 

,Vq“iq i jiSI) <Sj^*aSI SWNTs SI . a aV^aSI c!jIj£^)aSI ^Jc. o^x^^a nanotubes) 

JU Jja (jc. (n _ d0p6d) n-l^jLi) J.> n J J3 (J^aj A_nal J] (JL^JI AjtJaJ 

39 

. 260 K (jc. JSj Sj^a. dil^^p Aic. JaaSI ^Ja-uiSI £a 4W ;;,SI 

JJilSI (JJIjJaSI j}A (_£^j\j A aV^A Cjl£ JA (Jj^JOlj ^ AJ£aI iiSLlA AY'fc 

^Vq u>i ^Jll cjLJSII ^a^kj 4AiijJall oIa ^ . ^gjljAj^ ^jLua aJa^I AjSj^Sy I 

J .ajjJUSI JLJI l \is*\ SWNTs _SI ^Sj LJ ^(Sacrificial anode) J J 
(galvanostatic jAii^jlgS* SI j)*v ^Sl Ji 4 ((J\j^-£ 1 I (J J*vaSI) cijjj£jyi 
^ j\ a ,LJI ^ ^ j mill ^a ^al^al j . ^ja*_a (j^l c. ^ iu « i a j\*n SS charging) 

jla ccillj oj3lc. .A a^"\ jx c > lUtii 1^. Ajljoj ^a jj'nSS j 4 LajIj aj^j^£ 

. AjS^SI A-ijl Wq uJ L-il^j (J!)Lk ^ja Ujj^ (Reversible) ajj\ j aj^j^^SI ajLuoVI 

^jAx-a jl CllL^.^)ij ^.^Iaa cJf^S ^ 3 ^ (jS ^)IjjC.VSj Ale. 

^ Jjjsjj J Aj^jUl 4 _iijljVI J ^S) ^jtiiSI o^a (jli 4 (Interstices) 
Jl SWNT 3W^ 0 ^“^ . eJ /nSSI (jj dLjjjJ 1^1^. Aij^)*-aSI ^^Vl 3 ^a 

^ 4 40 (460 mA/g ^ja <*-uiS ^al ^Jl) Li 1 . 23^6 cl) -0 Aj^j-aLc" cijI^L^jl 
^aL^aV la3l^ .Jaia LiO^ Jj a_iSI*JI Li^. Jj *i^3SI ^^IaSI ciual^iJI ^ ^j| ^jl (J-gj 
jj'y^SS qxl J*JI (Jf^J! ^a Jl lS^ji JIj^j^j^-^I 3l^ 

co-intercalation <A jiA* ^Ual Jl ^>JI <AjLA\ 11a ^>j .(Crystallinity) 

. aJ j aj^s j^£JI aJL^JI J h^a\S 


277 



4. x> ^3 SWNTs II (j-o «1}3^ <_ 3 -AAlxxall 4. '<ijh j!ill 3 I jpa ^C-^)ll i^£' 

4_aaalaVI (j-x ajl jaxa ^ IgaV 4" txOVuj.il .13 A-IaALujj jac. JSI^J (jl VI 4-laLujjVI 

(j-o Ac. ja-uxi ^l.lWila e-Loll ^3 ^jljjj (Jj)x^T\ (jC. 4. .lill j . A jL^VI Aaj jja^lV I 

Octyl c^Li^ jiLVI j Jjiis ^ ^ Uj (surfactants) ^^kJI ja jail c^ljasU 

c±L c(X-100 3 ji?ja “ — 5 ^Ij^ll) phenol ethoxylate 

Sodium ^-qjjJjx- all jjajaall (Jajuja.lj .1 CjU jALx j c(SDS) ^jaJjj-all 

UoiLx 3 * Sbi 3 jJI d^b (> J£1 uj .(NaDDBS) dodecylbenzene sulfonate 

Ja-ujjjj c-LaII Aa^A A-IjujI j A^. ja^ a j SWNT II £a -lajl jjj 4£.Ia 11 l^jAlaj !>lajla (jl^ll 

Aa^. jljaall A a)ViVI ^3 Aajjlall 4 _aaalaVI (JlVjV jaVVI ^-Sl -ill (_£.ll ^3j . c.Ia1I £a (Jc.liall 
CIl} lc.lia ^c. SWNTs 4— Ala (jjla-oVI (_$l) ^jLuill ^Loull ^jl Aal J jAa 4 dLxa£l ^1 

.AajLo (Jall^A ^3 (jajq'uxA \x ~nj L aa 4 £.Ia 11 S^la 

£3jaa t^jj^aj djliia. ^ic- U>>jl ^^aJajoill jajall dLjaSlV (JjJa3l (j> la j ^ j**tVt 
Jxutaj . 7T — 7T dL^lc-lia 4 t iuni (_£ jjllll S - 3 jajVI ^Jaxal Aallc. Affinity Aill dal (jj^l (jl 

A m xi Aflslja-a Claljaxiljaa aAjAIa (jj£a (jl jl SWNT II ^3^- ^g-lc- ^ Jal ^ l^axill 

jjjd (j£xa . poly(m-phenylenevinylene)j poly(aryleneethynylene) JIa 
JxxXJ ^liajl (Ja^xaa (polymercoordinated) dlLlaajVI SWNTs Aajlaj^ 

(jlj^aJI ^^ic. A^IIVa Cialaa^^- £ 4 aV 1 pi LkV tjLalUj .4_njLaJI 

^jic. igj''""' j~> linkers cAiajljj ~l v^“i.ni » Aj^jLill L_iulji>U 

^ CjIiujjJI t-un' a iJUiai . conjugated moietiesAlaljiai 

jjjjj Ac. ^ (Succinimidyl ester) ^ aJ i^l jj JtU. <> SWNTs 

.(Pyrene group) 

Filling carbon nanotubes <Ljjj j $ 1 \ uiulAl SUu 3.5.6 


^^^^^3 I Ig g u^nLa (_^V (jjjal o3^a-q Aax-aLk Aajjlall (jja_j£jl L-iaalaV 3] 

cciilj Sj^lc. . A xm^ (jasl^aJI (j-o AjlSj^j jlaJI Aaaa (jc. Al jj^-aLo 4 Ajl^l J ala3 l^a^l 

Aajj^Ull Cialjj^llj 4 Calaa jal jill£ C!alaj3^l a (Lumen) L_flajaj 3 ^ 

4dlAlajV! jj.Kx ^IIaII 3 aaJI 3^j 4^ ^xa jj (Macrocycles) 

l_j jaaVI al jj alaxa (j^-ol lil 4tillil .^-Ij ^*a ^ I.Viaa ^jjlall l_j j^aVJ djjdl 3j^ U^ 
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jA LaLaj oAjAak 4 a9 ^jaj Ails jl 6 jjjl jl t^£^)V.I S_jA j^A ^paxjj (_£^jIa]| 

. A^.lj Axj CjIAj 4_nJI S^jIxaa J-a 

jl j^AJ 6 VjJaiViA aUjI I A^A LgJ V9 j^)xa 1I Al ^aII jA I A^. ^yl-iis I ^*^ c ' U VaJ 

<x_lda]l£ LaLgj 4_jl9 jAa ^)AC. ^_yi aj\ >/rs (JaI^IIj 4_m£jill ViC-Lik-a^/l aA^J j^flj 

jA al_V jAaII AjI jill A^.1 jlj .Vi^IaII I_£jlij«a jA AjA*_II jc. <]j^juia]I SWNT 1 4_iIaVJI 

^ic. s . ^I^sVIa ^Jjjx-G SWNTs ajUuI j^Aj V • A^-jjalj jAja (Filling) VmMI 

;(Jjjx-o]| SWNTS II c > \\ xaj ^^AxiAa^aII ^^-^Ja-uill ^ ^jl^AA^I jl jAJA ^a^ tciilA 

(Thermal (_£^)l^>^ ^ ^0 a1j ^LaaS Jc-Ua] <jJa^)C. 4 _Ja^)AA]l Clll u^iaII &AA jl V] 
^_flj^)Ia (JJa ^9 ajj 9 j a£jujLa!a AJL^Jall &aa j^^ jl ^a^.^)a]I j* .desorption) 
<Jc.Ug jA I jx-S Iia^a jj£j (Encapsulated dopant) liliA In i jl VI 
aac. vkJ jj (Spontaneous de-doping) ^Uis ajLS] JjJ>a jA j ^LaaS 

4_ml! L-SaIjaI vkaij <lfsilill jj^J jl j^-oJ 4<ij^)iall aA^Aj . )-ij^a'I (_£^jli]l L-J^ajVI 

. (_£A^}9 SWNT I ( (_j-ajL-aVll jA lA^iC. jl) <Ajjji£JVI 

Filling MWNTs MWNTs 1.3. 5. 6 


II £(Ja] ^)Aj£ Ag,^ l^JJ Ail] ?A^^j| (_£ _J1aja\a £.lc.J $-{S& C*I iVaJ L \ f\ 

A } 1 s-\ ~n. 1 1 A i 11 I l> ^lig (Surface tension) jjjj CjIa JjI ^ MWNTs 

coa^Ij 0 j)k^ jA ^j\ac. jA 4 jIa 3I jA tiilj j'q Vi aaIj . (Capillarity) aj^xjaII 

(J jg ^ a (_j-aL-a ^)ll jA l_i£^)aj CIuLgj SUai-oll MWNTS II ajjuilia V iVi 9 >»“ 

400 O C a^)l^)^ <k.^jA Aic. 6^) Vi a ^j-aLx-a^) ClAjjj^A MWNTS jjAk clUAj 1 1 1 ij^ jlll 

0 jkV j ja) <^jLaa CIiIjIaC. c." 1 A a' 1C. I A 3 j lAA jjj^\j oAaIj ( ^)-aL^a^)l] T m j_js) 

CIjIjaIj j I/ J (_paI_A^.! jjj ^)joiLia Jc-Uj n^-k ;ViIa^) AjjIjaj^ 

MWNTs ^ \i»"i Ia£ .djlc-LuJI jA aac. MWNTs II ^a a n»*i II oaIa] ajjIjaj^ 

700 - 850 °C Aic. 1 g \pl\i VjI c -“ j^»v ^ ca\ j\a» 1 


4 jjLuill jl*JI t aaIjj j^.j 4tiiljjjVI jl 4<jj ; iaJl AjIjj^^JIj caIjaII 4 jl >Vill jA adsorption jIjIaVI ^ ^ 

.^Jaj-ull 4 jIAaI 1 iA lU^nll aI^aII jl 

.<I!>Lv ^)a jl ^Jajoill ^ja oaLa ^jc. c l jaVI lg i ~> jaj ^jj s^^Ua jA desorption 0 aII ^ ^ 
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^)-<JtJI jc. 4^jpq<all L-lljliVl £(J-a ^aJJ ^aJ 4CO2 j-Q jS-iLa J )\jJ <-“ ^ Vi jl $.I^JI ^3 

4_lij L_J^ljV I (J^.1 VdJtlill C__l£^)-Q .iklj La \-a11c> J • kSl'\A jl (JjLuj J-imj ^^3 _^joiLia]| 

'nx>11j a^)j j^a (j-iJJ 4 20 *6 J^l ^3 L*ilj 4,]a^^La j5-aJ ^1 4 4 j_j^L 

.U-a MWNT TEM 

Lai tiilj ^JJj 4 MWNTS II ^j 3 <aj^)laj (j>ia ill 1 g ks~i* j £-0 dal nqMI o^A 

<IL^. ^3 A-iillxiIl A-ii-ix-all ^jj-ali*JL ji^JI (j^ LaJ^)) S-I^^-II S.1 *jj 51 jj^jla jc. 

.l^Jl ^il j . (JjLuill C > l^t J>A) ^aJ j-aj t AjjIj^J^II ft^jud^VI jl (d.l^l^]| 0 jLl^ll CliljUc. 

G^v V j a 00-200 mN/m jI^LJIj (s j^ai) 4 n»MI & jLo! ^^Li^ll 

^_I*_aII ^Ja^IL l^)Jj£ _jj\jj 4 *qjqII oA& (jl j-a ^aC._j]l IL& j^3 4_}^)*_iai]l a\ ix'ill 

ViL^^p cialj ciAj^^aI! ^Ic. aj^ljuJI <l±3tiill tdj^-ajsl t4_iic.j 42 .MWNT 
L^bVl *^1 MWNTs Jc. VL$i\ . JJill ^U,A\ a^Ij JL .✓^Vl^ll J)\ g i.s^'\)$ I 
4G6O2 6 Pr 2 0 3 ;L320 3 ^\/205 Ljajlj Rg cBi 4 Au 4 Ag 1 jjtx-all ^Ic. ajjL^JI 
c^j^IjjJI aijjjI^I j ( Fg c Go 4 Ni cIa^jc. j tFGBi 0 3 iSrri 20 3 tNd 20 3 4 Y 3 0 3 
^xlaj j SAjjjlSlIj CjI jiill ^^^Lal j-o Ia^jc. j cAuCI iCuN 0 3 iCoN 0 3 cAgN 0 3 j 

. KCI-UCI4 jKCI-CuCI 2 (EutGctic) jl^ajVI < 1 ^ 



jjj 4lualill AiLufa J I .Sm 2 0 3 MWNT __1 (TEM) ^jjiiWI >4lL 20.6 J^-uJI 
j»a) .Uuifol ^3 aIxuloII ^jiauiil jaLuu .0*34 nm LjjSj MWNT II ljILlL 

. (frljaj^U Aj&IaII A\t Ay\\ j-a jjL 55 

^jC- I-a-Q 4 MWNT L-lIlii ^l^lj ® jU^YI .1 (__g3 j£-aJj 

<Jajail^J Aj^jLllI a^Luj^l L_u£jj l.x>ajl j£-ajj) .l^jl^J Aj^jli l^1!>LujI 

iW0 3 <jjjUii ax^vi ^jUVi 1 ^a.w'u^il ^3j . a \\* a M„*<L MWNTs 
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Alwill c — ^ wAjj .(Ir02 j RL 1 O 2 j i M 0 O 2 j <Sb 2 0 5 j tMo0 3J 

.X 90 J] 10 (j# ^jl jj ^jj 

£j^>aJl ^glc. AajUI cJjYq ill dij^la <_£^>dl A_i^.lj 

t^J^£ll) Alpl^.1 J J^liill 0 J-WlA AJIaAjYI (jJjtJl L <1 *Wa 1 oljxx MWNTS L—LijUl 


c(Yb cSm 4 La t Gd t Dy) ojJJl Ajda^Yl (J^IxaILj ^((JfLJl 
dnal^xll j^jl jia. i^L^Jl oIa ^a . dal aij^)^]| j (Se c Sb c S t Ge) a_iaaLou ]1 
^a^. cAj\q haia (_^l jl ^(Precursors) ajJ^j ^ja ^ 1 ^a aWM! ^ a aa^j^j 

jjl^ll 1 . unjjl ^Lij (jA ijdu oLxaII MWNTs 


Filling SWNTs 


SWNTs -Jl ^bu2.3.5.6 


* LA^Uaal _j* k -^ Will ^ja 1 ql‘i ^ a lc.^j SWNTs ^gJj a_L£ (Jij j/w 

^jl ciiij Ji j .Adwll sjaL^. SWNTs L_iijljl 1 > \ f\ A_iiaj (jYl C5^ 
cPd 4 Pt t Ag t Au 1 Ru J , .->1 '>» \1 4 ^ -J. A \\*'\W A <\ 'V'i 1 . S,\\ <j^jxjoi]I 4 ) 1 ■>. \1 

^U-« JSJS1I J VJ .Kl _Slj 4 AgCI-AgBr j KCI-UCI 4 l±£ jJ Ij 

jLkj I^ja .h 1 La a t ^jliA^jUl 1 (_ya\ t.s-i \ aY 1 ^ui (JjI ^jJI 

<_£^)dl A_i^.lj . A m'lll ^alj SWNTS ^-LijY Of. A_iC-Lix-a AiL^)la£ Aj^)*_udll Ajj-aLdll 

^LuiaII ^ laLiij jjl aJ jg 1^_1 ^ajj ^LjJll dill I^a Ig'ijmlaj dal jlxll jjlWVi 

^l^jl (JldjY ^ AiL^)la (j^fL Ji (l^j 1.^;11) (_£jldll _J^U1 (jL C5"^J^ l^Aj *^J^jUl 

.aSjSJI SWNT l_iljU 1 ^ (Extrinsic) J ja ^ 


11 jl LJl^Jl Aa^. Ajlli jA 4 n»"ill ^Lj SWNT 1 <j l_Ajj*a 11 JHJ1 Jxl 

^ jWaII" Ail ^ic. '@' J)a^) 11 l^j ^jl ^yn c“ n^k) (C^q)^ @ SWNTL'peapod" 

C^Q (JA 0 1 Will L_lijjJ ^JA C^Jl J t( "^^^-aALiouII ^iC. ^Iax-cJI 

* 43 s 

0^jj-J 1 ^Jaj . Lij^k a! 1 ^^jUl LAj±i^\ (^° (Collinear) ai^Loua 

J^aII oIa .1 21.6 J^‘;>11 ^jj^j^Aill peapod (TEM) aj^_^-a11 

(fee) a \\ks* AJj^y^. ojLa£ ^.Ijjj c^Jl t G ^q 11 (Supramolecular) AJj^y^Jl 

.oAuo^Yl a 1i> J SWNT s L_iijlj| rda tAjjLi*A Ja 
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0 

▼ 


Ja.Aj .C^o @ SWNT (TEM) A^j^ya S (1) 21.6 Ji-uJ! 

4 ilx .all JLAj .Sj^j JSjjj £)! (Vacuum) 4 -j^jVL 

JjjaJI A a*si\ ^Jc- J j^ail £)* *1*0 nm Jjlaj A LaA> AjjjJ .iaul! AjjIa! Almluj 

@ SWNT 1 JlialL ujjl£ £)jj lj (TEM) Ajj$ 5 j^ua (<_j) .^JJ! diA (j-® 

AjJ jJ La lj! jJ LaA Lh^J^ J-« CgQ • L A2 @CgQ 

.J1UI ^ 


300-600°C A^.j^j ^1 jill JjJjIL jjA.nl! 

jIaj AJ j 4 SWNTs £_A lij| ^joiC. 6 n^ll CjUj^jJ jil! ^aLa, 


J) a^j^I! jLSajVI .^1 jJI pi o-^ 6 s jiil (Physisorbing) 

C 5 Q ClAjj^^J CjLiLaxI! &Afe ^ <a jL^J! j!j! 1 aI ^Ic. CLilii^j] jill 

ciAij _jA jill il^al^ial ^k jl SWNTs Jja^. ^k djl^lia CjIa^J A-ib^Jjill 

ij ^k.2 L_Luj11a]I JaJjJallj C^Q ~s (j! Ja^Jl (jjai^. O -0 J . l— flJj'vMI 


a A k\x a ^)jol1L Ajjj^I^C. Aalklj 4_i±laJ ^jA jj-s^AaII £-a ^_^3^-a1]! SWNT 

^k CIjUj jJ jill (jli iAalial! A_i^.lj ^j-A ^£>La Ia* j . J^.UI ^j-A l_JjajV! 

(j-A Aj^ ^A^JJ*^ i^A^LxM ^ ^-Aau j] aIaLaII dAjj^^J! jhfrnVI <j^-AJ 

. Ia j! ^Iuj! 


^1 ^)-A CjLlaS ^)-A ^ 4 SWNTs ^J-A AAG^jA (3 }^> Al 1 (JaWaII ^j-a 

jjiall a 3-ifcJ a mM! aL^U AjjI j^J! I^iaUjaII j A_ijjjj!ill j ^ (3^^ 
A^Ajl-aI! jil! £-0 SWNTS 1! A nan j 4C1 jLia^a*JI 
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cA n B 3 - n N@C 80 <(c_j 21.6 l ^\) La 2 @C 80 Uj (Metallofullerenes) 
$ ^ ql"i-sx) Metallocenes £-a$ Gd(Q)C 8 2 t(Y jl Sc = B Ajjja^l ^jjlx-a = A) 
. c. \\*) LaAic. a c\,g c qsix 21 .Oarborane ^)L>-a £-aj 

(jY cilS^ . jLuVI AjjvIj AjjjiJI ^iA>La (_paxJ lg_S dlUj^^. £-a AjnxliSl ^ic. ^j£jj1I 

^a sjUlLol>U Loj l^p^ uj^ V ^ lj jjI jl tajj jl c (Planar) Ljua^a 

0 j£ll <11 j] ^aJJ O ^A L_J^jl (J^.lj 0^)3jJ jlxjVI J^Uxmll 

.AjjUall A_i^lj (j-a Ij31£a l^jl^iilujl ^)SjJ A_i^.^jLiJlj ^ jl^l^ll jVI (jV Alixliil Axil .ill 

<jj3 sIjI SWNTs (J^.1 j .1x21 ajiL^.1 ajjj^^. CjIj^L S^iill jjj! 

^n\ (_£.ljJ (jl (JaWj A-Iaja^SI 4_Sj^)Ia]l jJj tAjjj^aJI jl jaSI ^3 

AjiljJa-a A L £_Sali (jdJJ tciili ^^ic. ® Aj^jI^^j A_ijj_jjflll ClL)L«a^A 

Aj^A^^JI A_ijj^jj£iYI ^gajlx^i*s\l ^Ic. AliLall dAlj^aJI l_jl^)lajJal jijlj STM 

(_ja lg jlc. (Jj)»*a*\ll ^aJ A_iIj«a^A A_i]jJalij STM <. SlLlSal 22*6 (J^jaSI .SWNT S 

JLk Jj ^60 diVtSiijl Jjs C^q pea pod ^ic. Axiill 

^jLoj J)jVn A_ilc. oiaII) JjaIaSI DOS — SI t c j ; iiiSall 

SWNT 11 4-1jujLuj! A_ix-aLk (a. mil ^-_jLk ^Jl C5 3aill £i.lllj ( JIIIaSI (JjUjuj t A mil 

^glc. (a m 11 l_l^.^aSI J)j V^ll) J jAIaII _jj iC- DOS SI ^jli ^^kl A_i^.lj ^j-a jlill 

CljLaj-al^aSI olA .C60 '^ c ' oJA^-a ^-a^La AJ ^jl 

IS j O^q S Ajjj^^JI CIjI jlxail ^J^ljj ^_j-a A_^jli Aj^^La CLl^\^. ^>-a (jSJaj 

^j^Sj i A_iix-a^-aSI ^3 AjLujVI CIjVS-^ ^ (jVI AjI-*-S l3j^)*-a ^uSj ''.SWNT 

^jl AW jA'i g. 1 3-iC.) jl t. > ^ *tiS (Jxa ^-a (jlp ^jg^lSl ^aLajA^U ^jj'WSl 

AjLil A_ijt^aj C5^ J W n>A A_ij djVt^> (J^-uiS Jj AiL-aVlp <_£ jlxa-a 

. (jK'i lil IxjIj I^)-qI A_i^_La Aij^Iaj aJj^*_a SWNTs 


Applications of nanotubes cjlLjkS 6.6 

l^_Laj c A-ijl'nu^VI Aj^jlill A_ n ^j^)^1I L-A±i\S^\ ^j-a jL-ai. j AjjI fruaiVl A_ml! 

^lA^iiSI o^)^SIj 4^x21 ^jL^. 1 Jl^SU ^A_iSlc. (Aspect ratio) A_ic.l2! aaL^.^SI ajjoij 

tAjjl^p-SI A_ilx-a ^ aSIj 4Aj j 2SI A_illxSI Aj^j‘ 1 ^j^all S j^ll j ^A_ilklj dil ^^3 A ng ) 

t AjjI.j^j^SI Cjvlc-lidSI A J*u> ill Jj^xlSI A_iLlij cA-ajlLall jl Ajj\j^£ 1I A_ilx-a ^aSI j 
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f\±LLxyj o ^ lgi£ ^IjLo J.^ •''' jljiLoiVlj 

L_iulibU Ajii jiall J AjILsJI f'l a^'W'i'l <2iiilia ^ajj ^_a _jjoi ; ^joiill I AA ^ . i'<l aj'U’i'l ^ J At 


• Ajjjjjill 4j_jjlj]l 



jSsjaSI Aauu A (i) ,C 6 q peapod 1 4_A4aliiil A\\>si * iLJai 22.6 jLuiSI 

jUaJVI !jl\ AjmiUj LulLa cJaa. _ jJ .(Vi peapod AlA Jjajj (A) 

AjjjJ X-a LjlijJjjJI aJA AjjjJ JjjUajj .<UjaL*SI jjfr AjVI-aJI Ailj£ <_jfl .Jib A IjlIS 
.Alula Alts. jjaJi ij&j (ijlj jlLa iS& A\\isi j (i_ij qa j£ ij±u . AliLiS) ujUjjjijiJI 

f. jaJI ^1 C 6 q CjLujaJ JiHil Axj SWNT SI Lj Jfr <LboAj jljaaSI Aua A ulua ja>S I ( S< 

.Aj jjJ lAiliiljj (_g I iaa^L .u! .STM SI (jailj J^buSI Jili. £><* ‘JJjjVS ^ J4SI 

. (ja^lxSI aiil! 4u£ .jxaVI AjxaaJI /ju (jib 33 J-^j-aJI 
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,jj ja31 CjULnlaj jjk 4_j jjUil s—ujUVI .1.6*6 

Nanotubes for storage applications 

_ll (Mats) Li cAijjV jjjSII (Uptake) 

^£1 a_*_uj ciAj jI^aII oaa J w"n+)Lf <Li] jl A_iil£-oj d^J^aaII cSWNTs 

6^jJa^-a]l SWNT jI^a (jl l_Lu!i£! Lo 4A.il V] . ^3 L^LIa <jl£ Laa 

(J ^aAC- I \ Ag.lji 4 ^g.^. Jjp^MI I AA ^IaI (jjAg a (jj^^La. A_iiLi]| j 

c (Irreversible) a_uj Jc. a o^aaII Li a_ia£ (jl 1 a^yAjj 4 aiiAj A_iil J a^c. I^_i3 
. AjjuiI^a ^1 SA.Wa (jjjl (_JjiLuiI ^Jc« ^ } *1 J Ai \\ (_j-aL-aliA V I (j^£j V 


(j<o» j AiLjaj (jl Ax.1 u^ill ^3 A_i±i^)^li]l A_iaii]I (J^Lk j)A A^.j A33 4ciil3 £a 
( jj^^ii aj«-uj cX 20 Jl lL-^ jjl J) AjJ-ill L_iijljVI ciiljji^A 

fj/nHI (jjjl ClAjjUaJ j)A Ia^a Li Ja UJU. AjjjUII L_njLiVI ccillilj . Ji£j ^j£I 

. ^cA u.^'1 jrLijVI J Iaa£j J£VI 

4 (jd^jjAjI (jjj^J J AjJaII c-iuljVI ClillniaJ J Jaill ^ J *1^ 

. (Fuel cell) 3 JJI L^Lkj (Jaxj J]]l caI JjjaSI (JjxjuIi] ^ Jji^MI a\I 
Jc. c A_i±i^)^ii]l (Desorption) ^caII caLaI ja caa£I Ia£ 4Aj Ja^ll caLjjI ja 3I di*3 j3 a£1j) 

JLjJI JJaVI j }a (_£^>^j AjjjU3l L-iijliVI ^a (jj^jjAiJI Jc-lii (jl 

^ Jajoi]l j}A Laj^j jl iA^jUJI ^ Jxuill (Jc. j)A H 2 1] (Physisorption) 

L_lijLiV I cJ* >1 (j^ AiA (j-saL-allAl (_£ jJjaa A_i1a*]| 0 AA ^ Laa'i V J . 6 A_iikl All 

3Ax J A_uj^)^Ii]l CllLmljJI l" tVVtl AS3 4 till j £a »(j^- jjAJI (jj^klil AjnJaj aIix^jj AjJaI! 

A 'nVaII IajI^a ^3 (jj^j^jAj! (_^aL-a I iaV L) -0 Lxjuj! ^ (_^Aq A_j^jl_i]l CllLc. a\I (jA 

_ > >^l (jl V] 4^joiL^. oL^jl Jj CllLujJ^]! pjj ^a] A_il (jA J- Jl (Jc.j . A L_1 i]Luj1j 

Jjjj .a_i1ax]I a^LII j)A jI^aII (jj^j^ii] ajJLiaII c1i\jj1iuia]I (Jc» a L^Vu^aII ^ajll 

4 J *^I^a ^a A_^.j^aa jl 4 A IaI L-IIjLVI (j^^ 3 (jl (JIa'WI 

^] 4VLo^J . (jj^. j^jAJI (jj^kj ^^3 (_^.W'i\l !>L^. CllVL^JI (jjoi^.1 ^^3 JjJ AS 

jIjaII (jjj Vill (JJI (^^La-alisVI JJjLill 'JI^a] AajujL^. jLiill o3A (j^J 

(jA^j^j. \)g ll (jJ^^J 3l ^a ^)jjaj ^^3 (jlLiill ^_ujI Jlj ^)aJjaa]I c. : ‘ \ W 1x3! 3 j 1 £^)^a Aj^iUll 

.AjjjUll (j^jjll 4-iijLil Jc. <aj11]| 
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lj! jUvll jajlPiSj Ajnjiti AyW* A \\ AjjjUI) c-ujUVI .2.6*6 

Nanotubes for environmental remediation and as catalyst 
supports 

A\V\\\ ^1 L^-aI .iklLajI \ x>ijl aL-£i 1I dili dilfljuladJI 

ijnlaMl Aj^jLill A.vft AxAIaIIj . jIjaII ^ja LaAjjOj oLiaII 

^9 Lj.la.1 La lj| . \ g*n n ^)A AILLIaII Ai^Ja-uill A^Lola]I 

^jl Ajj^aLaJI ^ A^Ja-uj j (Lumen) 

&^a .1.4 nm ^^3^aj SWNT 1 3000 m^ q cJj-aj ^j 3 LgJ 

^j\ Ljajl ^j^aj (jL A_ia2ajai]l A^LuiaII AjLx. 1] a_jj j£ll A aj41 

(_ja ^li]| A^sLjaVl (_£ ^jLill C_J *Lj^i^ aILxIII jI^aII IjjjL AaC.Ij SjLa 
AJC-L21 AaL^. ^ 11 Aiudj ^A dilAnJaill &AA (JjaI ^jj\a‘Wa 11 (jj^s au^)a]1 ^>a A \» ^ LgjLuj 
^1} J C^c.^11 j ^Uo1^}a£ (Ja*J (jl L_lijL£U ^CAjglJ (.A dj£]l J 4 Ax-9J^)a]| 

^jj£j (. ^.lujjjll Axj La a^JLxaII . JLc. ^L^L^aa (JaI£j ciali (Substrates) ^L£^l 
I juiA j ; (Incineration) LJIja LI^a ^ ^Lill l_j s-L^^P 

.\j\ jSU ^)j£l CljLi£^)A ^J) S^jLIViaH AjjjJaaJI jaII ^j-al_k (J£jaj 

Jta-JI CjIjujV AjjjLUI c-ujUVI 3*6*6 

Nanotubes for field emission 

Ijj2 LjLjj^£ VL^-o (_£ ^Llll c_j Ajl^i J^jaIaII jL^JI c_fl^lall ^liia 

L_J (jL£ lili .Ajj\j^£ Aiil j9 2_jJa^J La^JC. l_i*3 JA I j^*A J 

aJac. J^La. diLj ijjj^lj (.** a« n (jl c (Vacuum) aj Jaj^j j I^jjL£ ^^jLill 

La^c. LoLJ JUaII cLUjjl .(Field emission) JU^JI djUjjl ^jaLj 

djLjj^jj£J^U L^-aLuj c djLj I dj\jL*_ijV ^jL^a ^ja J^J^a ^pai^j 

^j^a£ ^ja CljLjj^)j£jVI Cj^UjI J'j'N a^j .6 jLaII o^A L^ij^la (3 jolJ 

. J ^ ^a'I ^Ljj^II (JI-N a' 1 fctlj L-J^pVi 

Fowler - ^jLa^^p — a]jLxa] o^a djLjj^p^V^ ciiL*_i3l aAac. ^jja^j 

:Nordheim 
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(9.6) 


J oc F 2 exp(- 


(3 ^)3jj t (JI^a'I jA F j ^jUj jA J C 

.ajLdll (Work function) (Jjuai]l aJIj ^a O j (JI-vaII LujLjb 

.a j.sihWA c* uj.nl cs^j 6 — 5 eV c_£ S- 3 (Jjuoi]i aJIj ^Ljj 

li j£a J>*» Lj 3 UJ^ L_lijlj!}U <jU tcilll 

cj£j ^ <AaI£] 1 4JJ.13 (JA Lja.1 Clic-L <_£ jAl \\ L_1 J±^\ A^& \JXu J .Clllxjj^l (Jl^-Q 

, w'u^il ^-iii Iaa c^LojULaII 

^^.4_illc. o<ili£jj AHIiIa dj\jj^jj£jj ^j-)l 

cJL^-a dAlc.U£ ^j^jlil! L-iijliVI ^1 .w"u).)Ij aj^U qa 

C^JLxJI ^ ^lajoi. ^jl ^JnWitl |1 a ^9 4£3j1a]I *\ J-i,u)a\I (_}ia^)*JI djL^.^1 

^3 ^Vlui'l (j I <J^j\j]| L_nj\jVi ^gic- 4 _ajH]| 4-ujLuj ^al , W'uJ 0£.li£ ^jjai^.j 

cljLujLui] ^LiJi ^al . W'u^i UJ*^ (^* ALuJi cJjiajoi]I (Jja) 4_x-aLk (JJa 

cljLujl_ui]i cj-° (jjjoili £jJaj ^ii I^Jajj .(LCDs) (JjLoili 

cJa Cjl£ t C^UnJl bJ\$] ^ S^n^ll 4-iC-l u^ifl dj\ jLqaIujV I j LCDS AijLuJI 

c70" ^£1 ^-aJa-uiA cijLujLuj ^3 V jl Aj^jlili L_ujliVl ^ji 

(j! .ixj (Laptop (JjA^ a\I clLILI <Jja) x^iVi ^1 ^ ^ V i ^Jj (JHijVlj 

ij« Vi ^jl ^3 L>°J ojlrs i^A (_ja <x3 a'YuxiVI j dji^L-al^l 

djLaiLiai]| A Ag A LSJj 2 * ^ J ^ai^VuJ ^)A (J£ 

Aju!^] Aj.\iKMI cIjIJuLuJI cJ.Ua o JLi 4_u^Ua Ajjjllli l-aaAS^\ 

, a <L> a\ 1 

w ,^ t^uil Llll jjV aJI* 3 tlllj jj-'<\I jA AjjjUll t_UjljVl <j^J 

CjI _' ^ ^11 O^ 1 j • (Fast switches) <*_j^)jai]l diV^xall ^_]!Lo a . ^*. ^^ iLo 

AjlljaJI 4julfy\ CjIa1_j<1 ^ CjU jj!i£l!iU ^j.^ 1 i ^ ^)^Ja L»\ 4'''i(~. l \ Aj^jlj C-JJjlji 

yUJI cJ*>' 3 nx.li Aju!li^\ djHnjajis .a\ ja^aII ^Al'N a\1 j <1ja>>a11 

i-_lljlj^U ^,^‘uaia'I _J.^J>^1A cj-° 4"L*ij^A]i 

4_ljl^Aj jjt/i'i (lA-^ i^Aj .A_iiLui]i Ajtjai^U c_^ aA 4_ijl^Aj Ijji jj o J-I xjlaII 

^ IHjVi JU.j S jIj^I Ajn>*i <st-ujl uj^* 

cjaVI cj^^j (_ 3 J.^‘ 3 ^11'^ .(Trauma) <1L^J 1 a_ijT c!jL^,!>Ic. ^jJa j 
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^3 xx’ill dLjl_^.j Aj^lall (Jjx^xll Ajnxxill 4 _x_ujVI Ax-ax (Jguxn *»" n*\ c^^I^Ia]! 

,<C. j^)jola]I ^iC. Al ^xil ^*\ixll (_}Aal jlc-VI 4_ijl£xl jx Ajjj Ixx tjl Aixll 
jJajxll) <xi j^>x jIjj Allc.121 Ajjjlxll l_iuIjVI j^xj tAjjg -sx'l dlinJadU j 

^I^jjojI ^ic. JasL^j ls ^-9 jl Q'jj* C jLol^-aII t( Brightness 
JUxll djLdl jAx-^x£ (Temporal Coherence ^-djll AJxjII) aSU^U a^ 
AiliiJ jx c > 1 ^j J j£xj ^aII c( Field emission electron source)^jj&])n 

.<_$ jjUSI ^ULJI Aic. aI^xII Axul^jA ^3 i.“ n W 11 ^jg ^xll 


(Jjuj&j 1\ l-ujUVI . 4 . 6*6 

Nanotubes for sensor applications 

jx AjAxII Aiajujl^j ^ic. <xjIHI dlxxuxiVixll d jg_^l 

dl uilll] AjjaII A-jlVuxil jx o jg_^.VI aAA AiVuxnj . dl^^joJI 

jig ~N.l -Luodll ^jxuxiVill jx^lC. ^ C_J _^jVI jjfL ; (J31 l3m ill I^A ^3 .4 jllVxll <li2l C5^ 
JLxjl jl_g_^. Ixj^jj tA_iuj\_ujVI dl^LojU 4 j'q)Vix A^Jlxxj ta^)A3 ^jAx^ax jxt/i'n ^)i« x^i 
4 jx.^ ^xll ^3 Aj^jLllI l_iijIjVI ^>^Vi tlajL-u <ix-£a j ^aJ lx£j » ^.^LxiV 

L_njlj^U Ajx^aldll oAA ^xjujjj . dljliJl jx Am x ^jAa^tjj lx Ale. 

c jj£jj jl tA^^.j jc. c. j^ll A x^i^lx S^)A3 dlA AjxI xxi^k Sjg_^.l£ Wixxn jl Aj^lLill 

.^21 tLijjxVI j 4 j^J^£ll ,\ux,<;i Jjl£ tJajuaj jlc. 
aJj£J1 (JxxJj .^l^ix AAUa (J^^x ^a.W"lxxlJ (_£^jlj (Jxlxx)Vlxl ^)^.l AjxxlVl tiilLiA j 


Al*_^2 ^jxuxi Vixll lAA ^3 SWNT U ^ Uxi'ill Jlx^ll J t ^jji^ll Ajj_^)x]| jxlxxj x*mll 

.4_2lx]l CIjIaAjjII Aic. .oA 

(_£ Ax^Uxix ^x J<uln ^ S- 3 *" 

cdlAjj <*3 jiix ^^1^)11 jx Iaa jl j£xxll jx3 t jjxx (Antigen^ 

oa^J -Lajjaull j^x^xjjj , (^ xxi^'i (Ligand) Ailxlll <*_nla Ixj_jj) iajl jill ^jxuxi V i 

AjAjVqMI ^JxlxxlVl\l 0 jg_^.L Aj^)llx ^JxUxlV^l A qK'l jx fi jg_^.Vl 

jx ^^3 lAA (jl ^3jJxll jx j .^aLVI oAA <lx*Jjaixll 

. A-^C-l u^mll ClAjlx* \\ j dal Vi lx 11 o^li£ j AjIs^II jx Ajjj Ixx t^al AVuxiVl Aj 3 dl xxuxiVaxll 
4,^. Vi 11 A*\ Uxi ^^3 AixxiVl (Jjl dLjjjaixJ ^ixJaall <3^)xxll t(Jl!ix]l (J;!^ cl g lx j 
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^jldJI £.1^-11 A_lg£ (jjxxi.Vag ,a\\ ^-LgjuJI c. <n^i ^JVij Aj^IiIIj 

oAA (jlai . AJ AjA^. (j-cuJa 00 dala^iioiA ^Ic. JaLa^il \\aW Odlj ^aA^ Uu^ll 

(JUuuj! &j^a <J^ld (.] ^J1 C y* -j^ 0 ^ ^jA ^ x^jl s^Ja uall 

(J^ld L>^ Aj_jj^)da SJjIj ^ala-aJ AaSAa ^Jj Aj^laJl (Jald U^ 0 

dllc-Lix-all j AdLixu^ll jl ^ aII (Jla-G A_x3jaA Adla SAjli cjillj&j . L_lUall (_^alidj| dal^aS 
Ale. dala^jaull c. Wli^l 4 x^ ad^j Aj£1ujV dal xxuxiVa^a Adjd a! AV uxil (_j^aj *»” aj-t ;A_i]aii]l 

daLuAJoLdLall A£jd]l oaa ^)3j!iuj . (Pipe flanges) l-ujUVI daL^disj daLal-Ga-all 

qC- ^ Ajljj-a c <ijll£j ^j-o ja L_fl jjoi Ajl Lg£ . (JI-axII A-g^Luj <_j-g Aj^aII Aj^llillj 

^j-GjJaJJ A3 A.W<g ^j-G^ (J J A^J lil3^ ^yn\j c L_bajLlA]l dl3 ^1 ^3 dalj j^^ll (Jl j /!**>! (JjJ^Ja 

.JjLgII L_bujl SAlidijJ ^}aC- (jl-GjJaj t^La^l-mill ^j-G ^jjLgIa 

AjjAJI cjlioAaAl ^ Ajjjiui t-ujUVI 5 6 6 

Nanotubes for structural application 

Lg Ajc. 121 A_iAl^. ^11 Ajjdll j AjSdlluJI SAjjoII (Ja ^JULg jj^Ja l_iijI£U 

Ij^pduiA Ajli ;A_iIc.j .AjjdJl dalj j^-gII jj-saljc- ^ac. A j ^ L_fll_Jld ^lAddoL>U l^du^j 
daLoi^-G^ Aj^ljll L_nj\jVI ^AVud ddl£ cAjIaJI ^3 . jjj^d-G J^nld (Jjl lAA (jjfLa (j! 

^ja j t^Ajl^j]! AFM ^u^-gII (JjjJ^) ^-ic. duld >." n«\ ;Aj^ja1I o^aII ^)&1 y/s\ AiLsA 

(Jj-vxxMI ^3 (JaC. AAj^Ja (jjdb tldLjl^iA SaIaI! ^Ja-uj ^_ui <gj ^jjj)xs-») ^3 ^Adlida 
L_a jd!>U ^All (jl AajlddVl c_jjLdlll ^3 ^jad A3 j . da^l -n xxi^gW (Stylus) 

daljaAA c. <ajx^» jj L_ajbdj ^ Lg^V Aallc. ^Idujl dal A 1 jjj^a j3 jj ^ ^jlall 
^xlaj <0*^11 A_ajj^)l^Jl A_mll ^)jj)x^i a c A \x^i^a]| t d<ai Al.Ql^'dll dal^lAll 

.OVD 11 £^)j^jajA 6_jdla-G AFM ^yi jj^) 1 Aj^jlall c > aj aliVl A_iajj q$\ 

LlgIIc. 1 Ag Ajjdall dallnidll ^3 Aa^jlall l_iuIjVI ^aIuiaII (JaxII aIj AaI 

<c.^ILg Al ^a ^_j-g Ax-j-g^-g ( x-g l^Il^jl^Aj Aj^jlall L_iijljVl c dalj'aVa ^jjjJa'al 

C5^ S j^*-G jj«alj*£ L_iijljVI daljl^Aj tillA A^l AaIj .Aj^xuI ^ 

a! ^a!1 oaa ^j-ajL-ad ^jjxxida ^1 y^uaxt (Composite materials) aj^^gII 

c > a~sj ^\\ dalaAVall (jiaxa ^ja ^)aVI jldj Vj l^A ^^.oAdllj Ajj^aII dj^lAl_*_A c." aj*\ ^>a 
AjaLgj iAjAL-ajsl (J cJ^I L>° dalaj^^ll AaJLx-Gj L_ia£^p ^3 1 g \\c- L_iiidll 
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Aj^jlj j) AjjjLllI j^J^£li L_lljliV A^jLijC-Vi (J-ajL-a^li (_£AaJ jA J 

cilLiA (_}xiilj d-ol-Qj aJ _jxjuia ^Jajoli ^glc. lajijjli ji (M 0 S 2 li 4 BN ll£ ^ ^L.\ 

(_^i £a ji j-i^j^j jgli £_a (_£^jLili t_J^ijVi jAal ^_a.jlali 4_S^)Jali s-l^ii ^Ji Aj^la. 

4Clniijxli Aila. ^gJc. ji ^Ja-uj ^Ic. J Ia jA iAAj . _^ja,i ^)j-aic. 

^jlj j}A A_ljaJ Ujl^jj Aj^jLili jj^jlxxlli til^LujI jli 4(Jja11j . jja. j^jAj^JIj <xJjola]1 

. jjfLLolli ALudSi 

AiLq <_£ jjlill C_J^jVi ^^jlal ^jLlAJ^il j^iijjujVi Iaa (ji j-o ^aC- ^)li ^ic. 

4 j ^-ali oAA ^i9 ji ^ali _jJ^laJ ^^9 A Kxxia ^^)JaJ A_ji V] t Cljlqjjlvili j-o AjAxli ^9 

jl A js jl ^J aII ^j-ai^ali jli c^^C-AaII t. qjlli j Aij^x^iAH j^ A_ial£ aJ^a^. ^ \HjJ jjj ^al La 
(_£^ jlili L_Jj^jVI jAa. JjA*ll Ag 7^ £jJaj 4tillAl .Aj^lalli ^illi j-o L_JjJ5J 

van jl jj jjj jli cj^lij j-o ^jii jj^ Ai jqx^iAli ^i^-o £_a A_i1ij Jaji j^) jj jxil till j J 

: (Dichotomy) ^jlaj ^ j£ j* * ja ja Iaaj .duaj ^11 Aj »n Ul der Waals 

JaI£j 1I ^^Ic. A *uxi*\a 11 A_ilnli Jaji j^)ll <_£ jj lili t_j jlAa ^ CljljAxjli jjjj ji j^AJ 
aKxxia £a aJjLaa Ljl x>i 9 (j^J-a"i 4 jijAali oAAxja Aj^jlili L-luliVI ^ J . L-ljAjbU ^jLijl ^ja' 1 
jjA j-o ^51 jili jai A j ^ ja. jjj AljAa jij jA ^ q^j La ^9 jj ^9 Jjajli A-iSLiJaj 
L-a^)XA (_£^jl_ili t_J^iiVi cJ^3 j-o ji j^lt ^C- ^ili ^aC»Ali u^ij9 cA jl*0 Ali ^iijlli A^^Lola 

. jLiJl 

Jlloli t_i£^Ali jLui jA3 . Aj^jLlli L_ujljV i A^IIjla jpa ^^ALxJaj A^j IxVnj i AA 

l^ji^i j-Q L_lixxiJj .Ai jqx^Ali (jkij Ajjjx-ali Aj^jLlli t_lljljVi *Lc. JA*N A jA jjj*Illi ^i3 jj 

• (2»6 ^ajaiili ^)iaji) ^j^ ^LijV AjLfii^ a j3 SWNTS t jjnli l^J^laj (Jj-allAli 

oAA jA AjjLili t_njLiVi cJj-^3 Axj 4(_^^kVi Clal qj^LaMi jpa Aj Axil j djlj£^)Ali AjjaulLii 
2»5«6 ^iili Aj^jLili L-UjliVi ^i^j (j^A 3 t." nl'A^j a£1 j .Aji jAj A Ag a o jLa*s ^a j^li 
Aj£^)a ^i^-o ^jj A^llx-di ^9 t.** l.Uxxi Vj ^!i j^)lali oAA ^.jjh ji ^_^.^)Ali jA A_lxlj 

. j-Aa9i 

jA ,(_^^ki A_aLa aILuia Jjj V Aj^jLlli L_UjljVi (JjaVI ^^aII £fll ^a! i AjA^j ji 

J^ia ^Ic. (Tonsilo strossos) ^L^.Vi cijijjjj jj£jj ji ^ » jj tA_lLj-«li A_i^.lili 

4_is j^^)^ (2 cjili ^ j »i— fllqlax^iVI ^i A_^.L^Ji j^»a 

t—flLJi ^Llji ^i ^AAj ji^)^j jj tAqlax^>A A_iij Aj^jLj t_flLli ^Liji ^i C qjqla ^aA5J 

.AjjjLj CJJjlii jA ^a j^. J C6 jjxilA Aj^jlj S-^Lji £_A Aj^aJ Ajj^x^lA jA t_ilLjj 4 Aj£^)A 


290 



SIaL^aj C. J-a X .r— a“l oAA Aj^jLill C t \\ )\S^ 1 j)l A^.j 4(_£3^.l L_fll_i]lj Aj^jILq 

3 _j 3 0 ^) 1 ^)^. A^.^A ^3 3 ^ 1 ^ Jaxuj ^3 jj\x f\\ IaAIc. (Shear f i © I d s^ 

l_idU 1 5iliS .lie. j . (Glass transition temperature) ^UjJI JIj&VI a^ja 
C lAil hl~lkSl\ (j C- l^ikJA (j^lc-VI 46^)1 jA]I ^3 A_illc. CLjIAAaJj A k^hWxt Aj^jlj 

(Poly vinylalcohol — J j^^ll cJ-ps aa*Ha ^a (j-^Lk j^Vi ^jj . c_njlj!>U s jIHaa 
aaIj . (Poly methyl methacrylate)-(PMMA) JAJ1 c^LjSIIia aa* 1 aj PVA) 

^IaVuJ A_iaAI A^jj La-ft tcjLiWJ ^^fLul^jAll c-Ia^I ^ ^1^3 C il n^iV'i a! jaII oAA C* \\ nl 
Ajjjlj L-flLJI Cllh^^A ^tijl ^3 AAxaII Ji.lA Aj^jUl L_lijljVI SjdJtJj 4L_aliIaj-aVI 

(j'Oj ^jLill aaj^IaII ajc-LaII j (Stiffness) SA^L-all 33 jj cAilaj-iaA 

A_i^. ^3 IaLuj jjjj (_£ 3 ^.l A_i^.lj j)A tig .A] SjaJI _j;i3 jJ 

Iaa j . L_i_^jVI ls (3 LlaII jl »*Va11 a^j^I SAljj ^j^la 3 c. (Rheological) 

jjisjjl s (Draw ratios) 1 .^ i.u,n ^k. J ^ lO^k Jl Jc. ojaaII U>iji lAmj jjjj 

.C_fll_i]VI ^Ikl SAC^LuiaSIj Aa^. 


. 3 a! x jA Ajjjllll l-iuIjVI ^gic- AYn^l! CjIj£ja]I (3 'WM1 j 

U AjaIxII 4 qKMl ClixL A3 j .AjjjUll l_ujIjVI (j-Q 3 A3 3 ^! ilkTi Ajj;^! CIjU nkMls 


^3 . A ^.1 jll ^l_jxil $ 750 4 lAA AjIj£ 4-C.Luj tljjl^J ^SjIaII j ^aIaII SWNTs 
L_ njUVI (Mass production) <^£11 ^ ^ J* J^j cs 


. (SA^x-ftll) Aj^^aII aI^aII ^3 \ g q.nJ-a i 3A A^j aI ^aII dAA Ail£j (,5^ J - 


AjjI jaJl S j! JV! CjUjj^al (jh (_ujUV) 6 . 6-6 

Nanotubes for thermal management applications 

jB jj tL-iuljVi sAi jj J AjU (jc. i — <iajl j )]l oAj (jl 

^3 Aj^jUI l_iuIjVI ^Ia^JjujI A^I£a] lAA j .A^.Ij Axj 1a 1 jIHaa Ljjl^)^. ^Lix-a jJ 1 

.A_i]l*JI AjjI j^Jl A^L-a 3<^1 ClilAnJaj ^^3 jl Aj^I^^JI o^IaVI 

CljlAljj La oaIa ^3 Aj^jlill L-iijliVI 3 A S^lio-a (J\a*s 1 Jals L-Jj)13->a11 

L^liVl 3 I (j^-<^ cJ-°l^ 3 JC. liliJaj^l (j]j (Jjx^ajall ^3 031 ^ 

oAjli aajj Sjlij 3 ^ 3 jj 3 A (Dispersed) s^ixjaII Aj^jLill 

SaIa 3 jqV^ ( 3 ‘*T 3 3f^^ J L )- 0 A qVi*N a CIiIjjIiuia] tilLiA 3 I A^Ljaj 
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4_L-£ a jaII Ajjjljll L_iijljjU) (Jjj-a jU 1 x>iji oAi^. j 4(_£jl^)d (Jjj-a iiU 

l_iuIjVI Jc. 4aj15 jI j-o j’d Jc* (jj^pli (jj^j ^ Ajli j .(*Lj$<2] 

J ac S jg-^jU cJIiIaI! (JjUjuj Jc.) Idj^^ A-ljlc' uj^ u' <J^I AjjjUl 
jl £J^jd! jI^aI 4 (JHa]! ^Jc.) <L-a^-o j! ( jjjj \ a ^)\\ Sjgd 

cAjji^ jjJu jc. Jaia (Ad/tdl JdV! J (Shielding materials) 

Ja! , W'd jj^AJ Aj^jli]! L_lijljVl (jl >/T\ 1! oIa 4idl£ . (Jja'sM! 

j! ^ja]| fiAA (Jjaj . A-J j^dl sj^V' ^ L£ (Contact materials) 4_^Xa 

(Jdajl AajIIa 4A2ajaull A_J _^)^. CiIjJaII J! S^)!^)dl (Jl x^ijV Aj_jj^)jJa 

.Adj Cll3j]! J AjjL^£]I d>Lu-a jjl] ACaiklo 

4ojjjj£hM ^ 4_jjjUJ| ljjjUVI 1 . 6-6 

Nanotubes for electronic applications 

(jA (^jLui Cli3 j J jl! cAjjjllll c_iijljjU Ajli ( js*\ 1 CjjIjI 

(jA j]| d j!a j jj jji^l! jI^aI! o 1a S^Aijj IaIaIa! 4 (Jx^ql! 11 a 

Clljda jaII dlx-aul Jj^alic- j)A jl£ (J^jujJ (j! AjjjUII L-JJjUbU (j^AJ J^aII dl^. 

.ulji <> 1 a J aca*a 11 (Interconnects) acJI dJd jil! Jl AidVlj 4 AjtfUajll 
(Mobility) aj£^>^. iI^_1aj d qj dMl &a^J oaiAa]! (^-dL-adl 11 (JjIxJI Jjj lg-jl Ia^ 

(Jj^jaul! a_iL13j 4 aAc-IIIaII S^iIuiaII 1 g *\ J-u> J j 4 I g a^*\ _jk 4A_i]l*Jl (jjji£iVl 
^9 Uaj^!^ Ia^sj £_J j3! ^aIU! .ig Jl ! 1 a (j^j9 A3 j . (JL^aII ^jjIj _j jiuj jjl J cLlujCa 
CiJ-ujIj .AjjjUl! L_iijljVI ^Jc- <ajIH1 a J-i {i^aII Ajlill! 

l-jjjIjVI (jis (Ohmic contacts) ajaJ cdUi ^tlnl! ^UaI! ^a cjl^lii]! 
jll ^ j'qq'ill (junctions) CijL-a jll Jc- ^lca^A 4<jjIj^)^1! d! JaVlj Aj^jU! 

.oJ)AL^. Jc. L-liujjl! ^lajuj! Ia jld! 


(jjiJ JajuJ! Jc. Aj^jU! L_iijljj/1 A jaVi! Ajn^J c_iJLuj! ^aJ JaJj !1 a 

o -0 ^ . (JjLuj^^ t Lj_jl*s*il! ^9 LilJLujj 4 a iVia a\\ (Oon tacts) CiLujIaII! 

AjjjUl! L_iijljV I aJ! ji] (J^l^. (jA (jV I a^.11a aJUaI! d ^ 1 ^^] cii^-ix-a! 4 ^jldlj ^Vil! 

djj^A ^JuAl Jj 4Uliijl 4(jjjV^».A (j;i3ja (JJJ Caj Jill a1x-£3^a 1! d.x^aj j! AC-IxaII 

0 j^l (jc. Id 4 n Nor" j "And" Jj! jj Jl* aWj (Component circuits) djb 
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V] Ail 1 .ic.lj 11 a (jl ^ • (Inverters) A_nl jkl\ ciV (Jj-g ' 3^ 

(_£ I A_g_3 jj (_£UI _^.L^J1 jA l^lsl L>^ .A-ojIs CIjIj^j tillliA (JIjj V Ail 

^_^.^a]| ^j-Q tC_Ujal]l l-l^Jj . A_1J I dll^njai]! ^3 QjfLiLalll cJ^-A (J^J ^aUaj 

oL^iL A_g _^. ja dj\_ii j^l^lVI (Jl^-o Ajjjlill L_iijliVI Cillniaj (J jl J 

. OjfLiLjal]l ^^Ic. A_Ajlill Aj.\)V^ 1I Sjj £-0 (_£ 3^ C_J _^jt (JjJ-u^lLo (jl^l ^*\)**l 


4 _u!a]i (jh 4 _jjJ 1 _U| t-ujUVI 8 - 6-6 

Nanotubes for medical application 

iijji\j\\ (Functionalization) - y J±l ^ 

dlj^ yet .L_UjljVI 4 nia ClllAulaj o jIaL^jV I <J^Li. (j-oj 

j . t- " 't ij. V\W -LoIaji (j jSj jj] I4JL1 <j ajujl L-UjliiU LuLlojS 4 aculatl J 4 4 1 ^iall 

tillliA j . 1 ^"ucLLoj j. > ntliVI A_1 ajoj A_ilix^aij dlLail^p 3 s tilliA tciili 

jj£l (_£^kl ^1 j-o Ajc.121 AjjjuII j .Aj^jlil! L_iijliVI J] Ajc.131 A_i»ju]Ij i^l j 

Aila^ui-o il^-o <(Chrysatile asbestos) ^jjijaij-ujl (Jj1j!^j^£J! ^JIa s^_uj 

4 L£ 3^ A-i^li 3° . ^jjjj^)]| A_ajI ^ il Ci3 x^j^^JI ^^3 ^)3jjujj ( ^jLLa^uill A j n*ix>) 

1 n^J V o^)jail±A AijlLo j tilll! c A jAj \\\ j| j-<JI oIa 3° 3^ J* x*ol (_£ 3^ 

. 1 g 1C. ^UJI 

^jj^j A_niall CjI^jVI 3 Ajjjlill L_njiiVI (.‘'u^VuJ cCljlkniaill iaj 3 

^)j| ‘iil-C* ^ a^-q o^C- cilliAj . ^I.^VuxiVI I^A 1 g \ Uaj i3 ^1^1 AliA-uill ^jljJC-l 

. I j)\ ^>xial c > lutii ^jl (j Ajl^kll LoiC^ ^3 l^-xil_^-3j tj^-^ Aj^jlill L_UjliV I Ajjluj^-q 

AijjJI 2^' J j*y\ ol^l (Operating assumption) ^UU*JI ^IjiaVI jlSj 
(Lipid bilayer) a^LuII ^a^I aIJJI ^1 jllkl ^ja 1 ^ i^uti ^ixj-all ^)3^q\l j Aj^j'tl ^j^ll 

^3 ^^j\i]| L-Jj±l^\ ^.IjJJ LoAiC-j . L_jI I (!)-« (Jsl £a Ajl-sll ^)I^J 

Cil W xi Ljajl Ai£-ojj .4 j\*sll (J^-l*^ d)-o >^1 J* ^ I'jVu^il jl (JLk-aj| A C(J^.I^1I 

3 I c> J ii t\l $. jjJa ^1 A im tJo'ta a lL^\~\a ^1 

L^jjl Vutil j l_3L^J! til ^Loi ^^3 Ijlial ^cllL l_aj-uj ^xj-a ^jIjLq I^£a d-oxil o^jil]l 

.3^1^^! 3 -0 A-C-^l^ A-C- 


ii h x Xu^ c^c-IIaII :(Immunogenicity) (+) 

J 1 ^') >' ^ (antigens) 
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OaI^*J c 1 l>IaL^£ t(ln vivo) ^a OaxII j 

^-Lxuil AjjujLoiVI Clilijilajjl] ^jJa ^ aII ^1 \W £aj .A_ali^A A xx'n jl A_ia»^lc. 
A_iijUaj djl.Viar \\ jl SJ.Wa AntigOnS Clal .LJaiuiAl ^j£aJ AjI ^ja 9 4 ^^.^jLkJI 

j cAjjjUII L_njljVI ^a 4 ^^ jj j' (Biofunctional ligands) ajj^ 

L^bVI ^ U^l iuUI cJ^ljxJI L-fll.^'uxiV 4_ix9^a A_ix-ajj^xk ^i9 j!il ^^)j^)jJa 
(_£ L-lj±i^\ cJ^ia LS^” S_j)tuh\' 4^-L^JI jA ^juLolt A_ajj .Aj^jlill 

^ JaU (Steric) l_ld J ill (Monodispersity) <jV * jLSj 

^XJ ^aJJ ^ I^Aj . ^9 A_iiLa]l (J-ol^xIl A_x9 jJj ^j^AJ cil^Loill ^)J9 jJ 

.\j^)ii k-o o jL^jl 


(jl AjjjU^I L-xuUbU JxaUt jaIII 9 - 6-6 

Directed and patterned growth of nanotubes for application 

^ic. 4 » , >. J -'•'i ^ ^ 1 1 'iV I ^ V- o A ^x-all CllL^iLa]! ^j-o JJiC. 

' JAajj jl Aj^jlill L_nAjVI a-1^-1 ^j^aj .^vsx^i A_^.jj Cj A ^ -Ij.wMl 

ciiLoi^-dll jl JL^aII cialjlx^jl CjIj jjI£ t (JI aaII ls^) ls^ (Cantilovor) 

« (dj\ xxux)Via\ 1 t(JliLa]| (JjAjuj LS^) ,j4^ ^ 3->xxil^J l^J ^jjL<u]I (j^4 jl C (A 

Ai9 cAjjjUJI L-njUVI A_i^.jjj ^jI£a ^Jc. S^LluJI ^jj IgUlajuil ^jll ClA_u£jll dijl£ 
l_iuIjVI Cn*\ oAjAuJI 6 jiil 3^4 3 Clijl£ j . jjjkMI 

^)jjj-aj j (3^^ ^l.W'nulj cs^ 1 (^.} <Q >"' 1 ^ (Mats) jx^i^ Jx^q'nj Aj^jlill 

3*-^ ^3 jl ><Q (.5-*-^ J 

A_Illa]| CIjI ^ludll iS^J * 44'^^ LS^ ^ U* ^ A I^aI ^glc. Aj^jli c_lljljl 6 (Jj£ 

Aj^j ^Ic. OVD 11 *»“ t tar 1 ^9 u^ill j (. * 3^)^ t> " ^>-^1 iAjjJaLoll 


ClUj j jj£1!>L1 j 


■ C> 


all 


l_j c ^-uj^aII Clal, Uxi.ViA ^1-^] ^3 LgIa 


Aj^jlill L_njlj^U A-ajIja^H AjsJUaII J c Aj^3all Cljllnialill CIjLu^aj 

.t fll_llV3 CIjIj^^aII ^9 A_3>jUll L_LljljVI ^ *>’ \'\^\a 




a^Ij c_i jL qa aIlLa ajjU a^1x.j Cantilever (JjA^ll) 


Ull O 
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t ajia» a II ^ac-j a II a^-^Ha ai^ j)x>~n a ^^Ac. CVD ^1 WiIj 

(_ja AjlaoIj <C-^a^-a ^lljj L^° Sj_)3aJl Cll_j^la 4 lUVI j 

.AjjjUll ^hVI ^ a-ojIS a) ja! (Morphologies) a-u^j L ^ B Jll^Vl 

(J!Lo LoLoj c&3^,j ^ic. Ija^ac. aj Jl jlall MWNTs II Ja a_iauI^) CjIjIc. ajaVi yj caV j 

^ic- (Catalyst islands) jli^JI _jj^. yy ^ vll jaj .Iaj^. y ^ VaII ^ u^»,ll 

JaaJj .A *i^>aVI (_jAaxj ^^3 Ja^3 ^aL Jo a Vi jl ClAjLiJI aA^J j£aj taJj£^)lJ SaLa 

l_j jjc- ^Ic- AjJj L-JjJxll Ja A_illc* A_Ixaj jlgJa] ^Jl Aj^jlVll L-iijli^l aAA A_iC.^j Cl3J\ V 
dAsUiS* Aic. CVD II a JoxA^j jl a_i]L*JI AiUall Cliljj^iuj \g V 1 V 1 ^lill Aj^jllll L_iiAjVI 

oLaIaII aJo-ujI^j AjjaJIaII AjjAaII L_ujljVI Jo ia i i J^aaII Ja AjI 1 x-o il (.'* 1 1ll A3j . A x<o V ia 
A j^jUl L t nVVI l_1au^jj tAij^)la]l aAA ^3 .SAja^Ja JjjVVi aJj^j ^Ic. Jq^t a II JiViJlj 
. ^ U*oVI JjVLxill L)^ U^J Si02 £• Lijliljl (aajxa ^iC- Jq^ a Aj£^aJI) 


^Jajuj jlu s t- lj ^ ^ 1^*1 ~> * *i J -u^jv_j_ii V__UJU^ i ^-* 1 - 1 

(Jljial £a Jli 2 k aKAia Aj^Aj L_njljl ^IAjV ^”L^Aj ^»<M I liA f . 


i.hunl AAJ j . J J 


— ^ lw - • — ^ F ^ w 

(_}-al jaJI Ajoil^p ClAc. ja-s a! ^lAj^U A \ xJVA a\I Ajjj^la]! Y i«\ n^ol Ia jIc.^)au SAjAa 


Jc-llill AijC. ^C. jlxJI (J3 Aj ^al A VixA J^aI iAAJ^jJaJI aAg_Jj .Aj^jUl L_lijlAAJ A_ijjjj^lVI 

a+jl J Jl ^1 ^AjjjUll L_±iAjVI L-fllqJo.V jjjhll (Reaction chamber) 
j <J) C y* 4-if^-jV! a jaVi yj . jUtJI 3ijj oIvIa 

. ^jxuxi Via jl A_1 Jj3^^ 6^)1 A ^.LuljV o.ljqA A_i^^l ^ jJjujI 


(Paramagnetic susceptibility) 


A_ ix 


.n)o'l» aI ^)iy I A-IaoLoiVI ol AVuxiIj 


uIjVI i qJox, 


c(^jaII) ^Lj^ll lg-jl Joquxil j Aj^jllll L_njlj^U aL^IIaII (A_iixjJall) 
.^Lj^JIj ^ xxijJo'ix.aII ^jJL^aII ^al AVuxiIj AjjUIa VjI_^.jAj Aj^jlill 


Aj^LVI (JaaJj . (JL^-a]I Jaj)}o*N ^A ^^IjjJIj L-fll qJox^oVI t,"l.Kj cCliV^-JI oAA ^-3 

aAA 3° cAC-lill! AijjJa VjIjjjj^II ^Jl jl Ia^. 4 n>.\\W\x a CliVI^-Q 

^ja J 3 I A_yij^)^£ Vj^I-^-a CVD SL Aj^jlvll L_iijliVI ajaVi ^jli tcillj . 3 ^)^! 

. 1 ^ijiKaI c." T ii'il 0.25 V jam ^ > 
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Conclusions 


7.6 


i \$ xiVtl j L-lijliVl 4 _d Jjj-aSJ 11 a ^ 

j ^ic. dL^jl (JL^a 6 l^llinlaj j 6 Ig \)Ax '\ j c 1 g jj j c \g n^jj j 

4jjlx]l ^iC. ^gajl ^j-o *Lc. j)a~na I^A SjIa .1^.jJ V tjj.iL.Vt 


L-luljVI <■** H W tL_lfudll l^J 


ikill 


^ja £_ujIj lJL^a O -0 A VqVt La! ^LaIaVI (jVuu'i 


^Ldl <_ja ^c.^)]^ ^Ic- ~ UJ ltv ^& ^ J ^La1*JI ^ja (J£ cdL^. {jj& A_iujLujI CIjIaLaIaI 


(_ja ^paJC- (JIaj V LjA V^aII ^ j1«\a' 1 (j! ^)^dj ^jl a^.a!! ^)a t I 1 a (JjLlaJ 

JJS V CIjLiujLujV 1 Jala 1 n)^c d]j .-^tj (ji ^ \n> j ^jlui jj jA (JL^-aIH . (j^j^ 

^ dj)*v t\l Axa ^»dd (_^lll J^xaII j co^C-I ^11 dLa. _^]jp^Ml (_ja oIa UaU ^ ^) n»*t 

L) -0 ££_jL£]1 (_j^aj LaIj^)3j A2^)*-a]I jli ctiill ^a .(JaIa ^adj ^A Aj^jLill L_ujljVI 
.<IaAa]| Aj^jLllI l > nAiV 1 _j_^Jaj A ,t.sT& ^jc. ^jj£ 1 djoi£JI j 4_i]jVl djl ^^jol1a]I (js' i*\q i 
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.4 Ajqll AlliiLtj ^^ic. 

Questions 4liJ 

<aUa]l dliiUd Ail£ (jjj I^^Laa Aajoj ^A ]} ^A ^jli dl jjd Li .1 

(J^ja Ja-uijl £a 1 dl I <Jsi^.^La^ . JUJI ^A I -l^A 1 11 a] ^jJa j . Ax til AdL^.1 Ad ^ 

;^xJI (_£jlaJ jjxiill 


( E - E 0 = h 1 £/lm 

^jSaa ^£1 ^)3jj .Adc. SWNTs Jj Iai^. LjoiLjIa (JLaI^) A_isl_iLaA ^)Sjj .2 

1 )^ . 16.6 J^x^l ^^2 1 g qjli ^2aj c.” n*\ An* ]1 ^^3 jJ dlA^]*A]l ^ja 

llj ?dLjLn]| oIa (J_)a 4_ida^]l dlA^ixA]! ^d]!^)^ c^I^aj (Ja . ^j£aI \ a‘'‘ij^ Lia^ 

. (jIa! AualiLiA <Jajoil _j^] aIj ja j ^ ^jdl c l*]]1£ ^] 
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iO-34 4-jylj La <£Ua]l 4_l^.lj ^_yct 4 1 , >.a^\l 4 3^JJ (jli t>y^ ^Ajj *3 

^Jl aib 1*4 nm 0 j. !~>q ^^j\j a_3^ijl ,_JA r ^Akl.41 JUill a jjl ^Jixj 

jAdl Cli! j 4 ^80 (Jjljjjj] jal) A ^ al (jS^all ^ 4j| lIijj .laa ciilE £-o .0-7 nm 

fJUUJI a iA ^ J UuS .SWNTs ^yj t 0.8 nm 


a «‘^' j 4jjy*-all SWNTs J| J ^jyjj ^_j jl_y J^Lkj A jV* I ytzvt-i ^-3 .4 

O 1 4 ^ /\"' -a. 1 1 l " 4 ^ ■ Q \ H f,r~. 1 . P ^ 4_jl_jojlj ' |J j\ . '' s. | a M N 1 ..V t, 0 ^ l 4 1 . ^ „ 11 

.Aj^Xall 
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Ul cUil! 


A.L4 la till! 

Quantum Dots 

* •£ -J j -jr 'j^ -v •' 

.!a!£ jjli-4 


Introduction 4 -®jL# 1.7 

j . lial Ajjjljll ^_n]| 4 j *^5 

(jjjl j5 CjI ( jo . a 1 0 ^ 1 J jjx ^ jlill (^LiLa J <^' o itA ^ 

A£- ^lia Ac. al ^LuaVI-J A jaj/Alt JaUiill c'ijUnj . ^)j£l 1 ^) j3 l . UtJj ^a^ll l£jl£ja 

1-<1 aj'U‘i'1 J djA t^a j^dl i oL^iM dlLj jjjfllj jJJ £■ jl JJJ ,Ji]| j] 1 "''imL"iH ja 

jl - A jaja^ll Aaja oLl j Aj^ c-aL]l f'Vl i ^.~'VI j <j^aaaj]l © Qv I i^ilj ^_3 Laj 4 i-v 

(Quantum confinement) A-iaj^£Jl Amll ALjjj&lYl 

jjAjaLd jjl-lla jaj (Jc-liill ja ^a oa£L]l j©^©dl ^jojLojVI ^ aaAail ^jljj . A_uiAVl xlL j-ai 

aJ-Ajla] c- L- -V'VI ^liajil ^Ac. l ag-}3 i_la.jjj t^£]l I£ajl£-Lal 

5i!)L»Jlj j^Jxj ^1 de Broglie ^la. jjj <_£3 AiDlcldojI xjjj jl j (Schrodinger) jajJj^Ao 

.(Momentum) ^Ajll j J jUl jjj 

Quantum mechanical background fill AiulSidl Ajilvl' 2.7 

Ajjljta] ( _jjal ^ J ^ j , Al ja Ajaiij ^ ja^Jl AaaSLia ,_j_l3 

A la-ljoiaJI Aj j ^Llil i it'll ala* a ^_9 . AuL aall 3l^a]l ^-3 djlj o jiSLi 1 Aj^laj j 

11 A. B. Denison, Louisa J. Hope-Weeks, Robert W. Meulenberg, and L. J. 
Terminello, Lawrence Livermore National Laboratory Livermore, CA. 
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4 ia.7i a jlV'l) jy' 4 ' '‘XJ L '~' ^laljt-a 4jajojl^J gjj jj£L] V l/ 1 sllVha <4a jj ^ajj 

(Kennard and jjj^j ajlj£ cRichtmyer t jj U'uuj j 4 JH 4 II Jiba> i^S\\ KnKi .a l 

. (Eisberg) ‘(Schiff) ■ - Ei' j tcoopcr) 


H 'F(r)= [-(h/Snm) 2 A + V (r)] v F(r)= E 'F(r), (1.7) 

+ d 2 /dq 2 5iUall J-alt A j ‘(Hamilton operator) jjjLU J^lc. jit, H slua 

(d 2 /dp 2 +d 2 /dr 2 ) 



J ^ ja ‘ , , r i lal 3 aAiaa <tiUa ‘ j^iaj 4 jjjjV I 1— uLaJ' . Jh 1 .7 JSJlill 


^ j^Jaj (j^uSn 4-iilail tjr 5 j 4 -iSljt j £)jjj£lV I ljVIa. o>a j£l »_;■ aa. 

L# _jjSn J 4(Jj*fljjl) <jUaj jA jJalll (jUaj .(h) ipVi'lj (e) (jjjjifcU ‘Uuillalt 


. jilSIll (jUai jA 


^ a cj aiJI— ac-Lull JIoj ^all <_£jjall . ^>1 1 Jjja jA V(r)j 

iliS mj ‘lilDLj 41 ijIj 3 A /j . V(r) = V(r+a) ij I 4 (Inter- atomic lattice spacing) A£gAil 
I Aia. ^ ‘jajajjii “Liable Jjla jl ‘(Eigenfunctions) o^j) Jl ja 

^>liil) (a) ^ual l acliill ^ 4 jjja ^ (Bloch functions) Jljai 

. " A .. .'M 4 Kittcl 4 21221 ^ k 4 4_iL^ail 4jl_ail aljJ)4£ (jbwai 4 ia.71 E ■ ^iVi 

S (Mermin Ashkroft 

H'(r) = e ikr u(r) (2.7) 

jAj (Interatomic potential well) si il jail yyi Jn (j^aS JIoj n(r) <— ua 

ac-lii j aaali (_gall <a_ 3 a]l 4V'i4 j& k j . u(r ) = u(r+a) <_$l 4<_$jja kiajl 
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(jjj . £_«q AiiUa ClllaUaj o!)lc.| A^^aII ^jl .A^Jjaill 

Lq jA il-liixJ J 4 jjjj 4-Sj£*-g 0jllj ^,3-iar J iS^ U^J 6 c_jj^£i]| 

c j^j] ^jS jj^jj .(Parabolic band approximation) ^ilLall ^Jaall JjUaj cr*^ 

• ^ (Eigenvalues) 

E(k) = (hk) 2 /(Snm e , h ), (3.7) 


^ ^Ajola <aUa aJIa. ( _ 5 i jjaLa s. iqMl jl AJlxill a 1 &]| ^a tw! f ^ 

~ s A^aj .lalj ^aJjoia. Ajjlla . Alia] \ lUiU-k'i 1.7 L '''^ O^fJ . (IgJ 

^Jaall jj-0 (jajjl ijAJ 0 J7~ d' .laljJJ J .L_lij]lj sllVla. 

iaiijj j Cl}L^3_ja]I s. 'iU^i'iI ^ JjlLj ( _ r Ai2j (Parabolas) 


^_laa]l ^11 Ajc. Ajjjalail ^ic. o jlc. JjllaJj . Alix-a a jLa] A ■i j. -^.21 Am . A. \1 j 


s «' i^ajlj o^lc. Allalall j>2a ^ ajLUI sliYla. *_g li <aj j (Valence Band-VB) " jal£j]l JjUaj" 

^ V.V 1 ^il£Lajl ^iaall A ] At ^ tr. t . >> ) Jjliajj . slL^li-a j-all 


(jU=d J) (jjjjllVI jIIj is ollli .ZAr. Aisjti (Conduction Band-CB) 

ijliaJ A q]~» i a Caj 4 flla. j 4 JUiaII ; . .' ^Ic. Ajajoil^J 4_Jji^ajl]l 


jliic.1 t(Exciton) (jjlilja£j 11 a s_i£ — ^jj Aa.1 jjj . » jsISjjI 

jl (_£jill 'A a Aj^aj £-a Igjli -la (Exotic) A-jjl>^ Z jl 4 £ji' oil 4 j cijLa£ V i 1 

. (Bohr radius) jA >j c . Lai 


JlxjVt AjjMj 4 uaja& 1 I A.^aVli — j^aJI 3.7 

Quantum confinement - 3 D quantum dot 

^£L1 J . (D = 2R) _y^ sill j AjjjS o j Aklj ( _ s lc. JliaS 

^all (J^ia]! ^yct j *. . OJ^i ^ 4 . ^ j tA_ui^a£ A_lij 

— 1 

?i = h/p, (4.7) 

(Momentum) ^kj jA p = hk/ 2 n j iiiLTC CajIj 4 <_sj ^1 Zj* ijA h dlua. 

,_jA E si Lia c£ = ( 3/2)kT = p 2 !2m Uik) lila . T «jl j^. a^j^ ^jc. Ajj*JI ^ 

A_^. XiC. X Aaj t(v_aalll jl) Aj!iS m j si ull k j tAjS^aJI AjUail 
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D < l&jjaa AjjjS ojjIj (_gi (jt 14 a j •— 6 nm — ! AjjIxxx (—300 K) ij\j^ 
^gj^nJa jjc. (JS ■'■' ^ jl) Clilj j^j£ 1L/I 4_^^x Ax^)^. L«* * ^aj 6 nm 

4jlfi Lax ^Jtl AlsUa .liL 4j j j'aSW I >jl 4 ■>. jgjll a . o jlc- 4_lS Q^Sj Ql a - Lax j* • A 
j L>q a 4jl (Jjill _^A jiiLill I JA ^ ^iQ/ I A3 j^Li]I j .aJ o^Lc. 4j afij ^jl ^jfLx: 

cllljjlJI ojlA J .a in>iJI jjIJI Ajaj Qx ^>j£l jA Exciton S ( gjiuJa]l ^>A_JJ 

j^-^ll" 4_^jLi]l Aulj j^l aJLsJI ^^xjxJj c( Quantum dots) 4-ix^xS Uallj AiijJaxJl o j;» > 

.(Quantum confinement) “^^xill 

.Ajj^j^ll 4_lx ya<Jl 4 Icq'Ll 4 w >X ^3 (Jjxxalixll Qx .Ij J)AJ J aA 'a 'a l_j a£- J 4 4 jL' I 

iAjXxi Ajjlix QjfLJ *Jil ail V ^£] a 1 jjl ^ tV l_j qj£ I jll iklj 4 £ \ j .LV I JaJxxiilj 

jVI ii.Liij . (Quantum confinement) ^^xill c-jsIje. ^k ^cxxy 

Cj3j ^k (jialiijx ^ill t_ixjljS Jclij JLxaI £-x) (Hamilton operator) QjjIixIa ajxlt 

:^1 > (>V 

// = -(h 2 /Snm e )A e -(h 2 /Snmh)Ah + \Q(r e ) + V/,(r/,). (5.7) 

rjjxillj 

0 L > -tic ^ <i? 

i 

oo ixOic f >/? 



/t (6.7) 


:lklj jl q£xj (Exciton) QjjjLo£V! aSL*. ^ 


^(fe, r h ) = cp e (r e ) (phCr/O 


(7.7) 


jUJ JjSxj j 4 jjxajiLxxx (J£. .** a ^ M a ~aV ^ jj£ j.-n "i a a j-x A] jLxx a ~~ k .■ j v , 33] 

^^jLlxxll .^£11 4 j£>lxJI dill 4 _i^^UaxxaV I j_)xa jxxaj]l aia* x ^3 

(Spherical Ajjj^I Oliaal jxll Qx o Li» x ( 5 . 7 ) 2 J^L«-xil (Normalized solution) 
(jimajxljjl tjlixll Jibx j^j') ( Ji ) (>xj CjV'Jj ( Y im ) harmonics) 

t(4jx^ljj]| iJjta ‘(Stegun) Qiiixij c(Abramowitz) 


K,J r)= yim(2/R 3 ) m (Jl(Znl)/ JUZnd) 


(8.7) 


IxtajS <J Ji (% nI r / R ) a!'j xxajj . Jlxj cjVIj JixJ ^ %„i — II 

l llj L_J jl djlj Clllilla ^ J-ax‘i o^A ( x-o .A_ia ^ a£ll ^_L uoi ( x-o 


(h /8nm eyh ) (% n i/R) 


(9.7) 
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Jj)\*v4 J ii ^ ui .4,411 ^a <Ll4j^£]| Llillj 2.7 J£*ulSI 

j*-uaVI CjLxuj^JI <j| ia^V .AJaC- j£J ^ j«uaJI ^j-aLualaVl 1 jLu^l aautaJt 

O^**) Jjj^l JjL^aII jj£VI <jA ^Ij ‘(jjjjVI o-alAj) JjIa-JI 

4_ia^a 1I AiUall (^Uaj ^Jj L_flLjaA ^^aLjaj ^ilSax-aA (jVl lii^l La 

^llllj . c > {<t\\\ jl ^^a^a^SI j>^Sl (j-a A^jlill -E^/* lS^ t (Bulk) ^**>>'1 ^^aaI 

igjfc (Exciton) L-jS-jjjj^ll ^ jj AjjILaII jjj jill aLLL 

hv= Eg + (h 2 /%nm eM ) iZm/R) 2 (10.7) 


^Uaill l/R 2 £_a L_bailjJJ ^LSI S ^^all JjUaiS (Jlx3 ^Ij^jl tillL <ja £CJJJ 

t 1 £^.^a1! cJILaS! (Jafuj (_5-^*) SJj^C. C1jI^}a l/R 2 SI ^3 j .^aja£JI 

jjjaSI ^SlliSI ^jl ^Sl a \ )a~^ Ai j)4»^ia Jl ^ L^)jV I I La (J^ Jjj j ( 1 cJ^aSI 

J jS^ a S I ^ AjILa aISiLa ^L^J CjIL 4_ia^a£ Jalij ^ (Photoluminescence colors) 
i^a !A_iSlliSI A >^SI (J^Lk (JA ciiSL ^_3 ^j^ajj .(2.7 (J^jaSI ^)Iajlj 

^^L-£31iaVL IaI ^^jjjJall (JLlijVI LjAIc-j .o j)>^SI JjUaj £_ujjj 4_iaja^11 CIjIaJaj.i'vSI 

Jax-a jjSI Jjlkj JjaIaSI (Band valence) ^jal£jll Jjlkj ^ Jjjj^SVI <*ij) 
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Sjjjjjall CjUM jl i djl*jjVU 4 j 1 o*JI iS - SAA jo j! (^jUll (Conduction band) 

jl <L»ujaiaJI SaIoIIj 4 jjlio elSjjll tliLaLijjVI J.tj'na'i t( Photoluminescence) 

jo AjAxll _' 1 -v i jaljoull ^A^oill IllA jl jo ^Ac. j . ^)j£l ~ ^ j < 4 - 0 jo£ 4 jaklJ 

Ja jado (j£-uU <jl VI IajIjjE-I c_iaj 4 jiSI IajAxj jjSVI CllVlc.lij]l 

4JVIA (jo (_£A]I jiioll (_joLiaiVI ^Aaxj 4<JJJ^)aj]l ^ojlliill jo jjj£SI 

. jVlkjVI 


Other interactions 


j j^S 4.7 


V o oa-^ll jUaj (JSouj 4 jjjjjaJI 4_9l_Lj dAjjiooo (Jjj. ^iA\ jo e-^ooJj jo< j ^Sl 
4 (JjAoallill jo Ajjoll LiA jS cj^ooj .^pS}\ CjVSx.lAj jliitVI jlAJ A^-VI jo Aj 

^ tliou] m/, j m e jnfrsll j] .CliVlc-liill i>aa jo <io&l jiiSVI jSaj c_a_jjoi j£]j 
jV'IVtll _jjj jj a . jloSlxAll jl-.V'XII LoA lojlj 4 Lo^AjJtA jiilil ^pCI jlzJI lA . a la-v II 

. (Jo-^a jail jUaj J jil£j]l jUaj jjj (JlSijV I CvWj d-Ua. dll j-^a'I jUaj (_>o J£n jlollxAll 

(Transition JllijVI Alaij Aic. d 2 E/dpd q jl lolUa AJUill <ii£ll jjxjj t^Jljll 

joaJI jo jojSJI $. j^JI Jioj 4 jLi 3A jl_Iaj dloLo^. el^jaA Sjjjoa ^ Isu lAA j .point) 

(Angular lAjlj I jl ->»jl Aojjjo^lVI dVl^AI lillioj j 11a - Jl a. oil Iaa ^ (_g jlvdl 
Jilo jjjIj dVltlii JjAoaaJ (s) (Spin momentum) IjojjAj Loa.jj (L)momentum) 
jAAda (Jc-lij jli I st A j .<iUall diUjlioo CiVLi^xj t . ii,.* d]| (XL.S) jIao - ^jAj 
lijlj loS .Loajl Cjljjlaioll Ja*j ^Aj tojUio jajolll ^ Excitons — II 

jjEil (Electric susceptibility) AjjIij^ASI a juLa-^l jli i_io jl jS (Jc-lill AiLull 4_ioilioll 

^Jaooll <IjSjj I jJaj) <ooaLk <AoAl <1 Looj . CjIj jllxooll (Ja*j 4 C^loiao]l (_^^jlj]l 

• 4_io^oS <404 Oljill jo 0 . j^. ojolt - Al 4 a- (_ji (_£j 4 ^j 4 ' 4_li^Sjj 

4_m]l jc. 4 ob< ^ ^ laodl 0 .I 44 I 44 aIajj 4_io jo£]I 4 jafloll ^ lajtj ^jill oaLoII j ^£ 4 j,q ^ jl 

4 ^ j 4]! 4 _ial_i)ao]l (^3 4 U 1 " sAlil j tJol-A _'* 44-J t <404-04^1 

04 a (joalij (Jaxj 0 Q)S lljl^j <Jj^)£]l 4_lo^o^ll 4_]aki]l JaJoojll Lilloo jo 

i—ujolij i h Cili jjiSNI AiUa CjIjj!Loo 6 nm) Aio^oS 4jLio ^l i jjjJaoll jjlAI 
— jjjj^ll ^jjllj lExciton — SI j»Aij liiliS .1/R~ ^ Sj^all jUaj jo Li.ljjjl 

^IjjjVI jli IaSAj . 1/R ^ j.j'4 ^ji]l <iLla]l (_4 jlooo] a^lau-oa AlAloal A^oAIaoo 

4jo_jo£ 1I Jaliii] (Photoluminescence) ^jjJall jlloll jo Jia.Vloll joll ojjJall ^ 
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aaLuj (2.7 ^3 A_aiidall ^1 ^ ~\V 1 dlA 

(j-o JaOLall ^ jjdll ^fcll UaIjj .(£ g ~l/R 2 ) Sjaill (jUaj ^ (Confinement) j^JI 
. ^jllll 6 JjUaj ^C. jal^lll JjUaj ^1 (jj^dlVI Aj^jj LaAic. l_ 1 Aj (jjjj£3l ALdI SaIc-I 
.Sj^ill (jUaj ^ ^-Ljpl ^LiA Exciton — 11 Aj^.j UJ*^ ls^J ^ Jl SjS-^VI J-^J 
^ajaVI VI (jl V] cAjj^^II A_iajaV1 A Li Va 11 (J.u^iq (jA c.^_dj IjA^juj Lijl £aj 
aLuVI J£>Lj J ((_£ j" Utli<> ) JljJ Aaj jl c(cillujJ (_£AW Aju ^3 Ljajl (jl j^AJ 

£JJJ A a 3^*1 VI oAA A yIa ‘ lj LijAl’a ^3 ^ adll 0^-ill (jlj . (_jV (3 *+iA'aA (J£juj J jl 

Laj Excitons — SI Vd J cAlldj c^dAj^Aj aJaLla ^ Aj (Jj-a*-Llt ^.I^V^I (jd 
AjAd ^3 ^)jA SJ (_£^}V j^j J dj V11 a^> Lidlj . L_LaJJ (Jc-lij tiilA ^3 

oAA ^ja~\ jj . VI (Jx^i«yj c." n^k A_iajaV 1 ^)Vall ^3 dal j'nVI Allajlj AfsLLall dljjjjoiA 
dlinlaj Ad A_iaAI J£l ^ uWj (.A Lida dLsV ^Aaj^ LJd ^a dl jjjtill 

dl^jjjlj ^3 (jl j tlAC-l j ^)L-a ^jaVI e j^V iVuha (jlj LaJjoiV . l^_J Aj^aLVl o j^_V^I 

.A- iaA^I AjIc. ^_g3 j-' ^-AJaVI j~S Vl 

La oALal Aj^)j-a2lj A_ijj_jdlVI aj\ x^iVl m,*a AjV^ ^^3 (_£ Jaill £3 Ia 1I lAA (jl 
aUJ Jl aVVI jj*J CfiAAda A jVl Va (jjl JaJ Ig a^«s ^liiu (J^ld (j-° 1-&A ^ Vll j 
^jl Jj liA ^ld (jl ^gVl j)A j . A_alida (jjlVl (jjl ^)Ja (J^ld j)A ^lVI ^lixlil (JjLuj j 

fLa^ o^jjIia ^1 o Ada Aj^y^aJ jl 4 dj^)j£il (_^^aj\ ^AAj (^^ll ^j)<a^ll ^JaAJ aI^a a 

(jA <Lal£ (jl o^jLujVI cc^HaS .A L^i ^A c. ^ x.r— i*a Aj^jlj dl^j^L AidVI ^^3 

fijjla AjJjjJaj^)^ (j^ajl >/T\ Ldjl (jia^)*j (l_Aa1I (JLa^ Aj*iA» a 11 Aj^jlil! dLa r ixaVI 

.a^lc.1 A3jj^a^All cAIL (jc. La A^. <allda 4_ill (J^ld (jA cAHaj ^ Jil 1 g, a^lj t^Lad^U 
Id j)A ^Ajj La (J^ld A L^i^aII c. '<l>.s-i\ A-1 aja ^>11 Jallill (jjlVa ‘d J-^JJ 

.J^ill 

jdll A3J^)la <L-£ a ^a C L^a'i 4_lAj-a£ Jalaj udal Ic. jdu ^JJ^/I (j^lall j)A 
.(Ion implantation) CjUjjVI ^jjj ‘(Epitaxial) ( ’(Jjiil! jAlIj ‘ (Colloidal) l£jj^ 
idLaJjaiVI a (jLd Laj3 L \* d Jalajj S ^3 Jalaj (j^lall oAA j)A A3J^)la (J^lj 


L_njaijjj AjjjL AjlaIi AAjjia j "Epitaxy" (AjjjLII 4 j a Vail jl ^gjdldjuVI) ^jfaVall ^ ^ 

.AjAdl Aj^j^L o jd^j (3^ Aj^I^. 1 dl^j^L j)A pLuic. 
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a!*Jj .A_iaj^ 1 I _Lalli]l o di-all A_n]lc. JLoj Ig *iSl j tlgc. tig, mjp j 

^11 V j-^a j (_£jLiuia]| IIa La '(_£ JJ <• *1 h^tjJ dll^^l ^jl Aia^.^La ^g .all ^jjQ 

<jl . jl ^-all o-lg-1 ^g-2j *Luj|^p L5^) ^djoiilL ^d-aA^I £-IL ^al t^^jl'A^ill (^Ijj-all 

Ail V] t^AL-sai-a AjaiSlda (JjVI ^lajlj IIa (Jl-aJ V dill 

. Aj^jLill lIjLcujoi^JI a Li^LLal A-Q^kiLuiAll cIjIj^VI a 1 a (_j-o l^d. ^)£lj (jl £y* 

(Transmission ^jJj^IVI (lliill) JI&jVI Ajj^-^-g yJfc dilj^Sfl oIa J jj! jl 
tAi* ^a£ Jallil AjjI <jliLajl dill I ‘ Electron Microscopy-TEM) 
Ia JjjI j (Scanned Probe Microscopy-SPM) j^Lall ^^la-all Aj ^ Adllll oIjVIj 
^ 12k Jl Ja.1 fjA (Scanned Tunneling Microscopy-STM) Ajj^^i 

(Atomic Force Ajjill SjSlI Aj^^-o j t-^U.„V 1 ^ic. Jaliil Ajji AjUiluil dil j jj>^i 
.J alail] AjjjS A-iji AjLilujl Cjli jj^a LS Jc. Jjj^aaJ] Microscopy- AFM) 


jaj 5.7 

Colloidal growth of nanocrystals 

oljjLU j dL>Lk^aj^i]l <. jl ■ ;V »'' a j u j Aij j jiifLTi 1 a \i j^»v, 

filled t x-oA 11 alA Aui!_jJ ^3 ^■La-uiIIj . dll^j^LlI i -la. ^11 AjYte .all Aj^jlill 

l_J tc_i£jj <jl (Monodisperse) ^diLuall Apl^.1 Aa.nlall dill Aj^UII diljjlJI 
Ajjjlil! dllj^LH C*n*\ UJ^ u' c> * ^Lllll A-dL^.1 A na 11 ^Jc. ^ x \ \\j . ^ILt-all ^idal j 
AlLa. ^3 j .^JauiSI »lj.ajS j A.jlAl .ill Adnll j (jSx'xill j ^~n ^11 d ill \ g x>i» i\ aJjLa-q 

AliC. c_L-a j\ ^.W'uxijj t^LJa ljJalijJa3 "cTuxiMi ^jL^.1" tAjjjllll dll jjlJ! 

^3 o 1 a djjjailill dllj jl_^.l A_^|^J| dj jl ^3j . ^aall ^3 ( 5 (3-^ (3' ^^lxxij L_fll ^)^-jl 

,^jj£jj]| J A-jilic d_L>lj.l*j ^SVi'l dijl Aj nSjj dil^l^>^l 

Jalij t ^gjl.jxajSII jl u' Ajl-3 tl^gJj 

. Ic. ^ Ailllll ^^A dl^L-a^-a t flL-ajl ^j-a A^-a^-a^ 


lg_j A-uil_jJ Alx-a^-al! L Aj^jlill dllj^LU j^>*JI L_li£jlll l^-a ,Vi"uxij 
Ac. j^7x.a Ajjd] a^^I jjx^>3 IjS^-a 11 dx ^ji di^gJal ^^1 tDinegar Le Mur jl»j\p 


d)U.un.>H -ua ^1 c-fuaMI aIU ja monodisperse colloidal ^j>J' ^^UVl dddll 

. (Jc.\i!ill ^jjdj (JfLoil! ^jjoajj t asaII ^jdj IgJ Aai*-dl 
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dLj^C. ^ g'Vn (_£ 3^ ^ ^ ^-d <C.^I1 a ^ Qjd 

^a <C-^jolJ C. <ix*)ij£Jl (jd ^d t4j\x>x \1 <3 u^3a^ i^J 2 .(3.7 djjali]| dl_pla.l 

^ijj 3 a 4(4.7 3^*31) _j )3. (Coordinating solvent) ^idj ^ . U 1 ^.^ (jji^ *'d s-3^ 
4_ial£ SjljaJI uj^ 3 Ad (j£-<iA dlj 3 . (Nucleation) <d JjjS 

Sjas ^3u>VI <3j^ c . &«3 ^jda l 3J^ 3 c£3d tL_Lujlj^]l 33lil 

<^\ 3^3 3 (jAalidl 3) (_£AjJ J 6^35^1 33 <13, 3 A 3j)a. L ' <a ^" 1 3^3 S_jjx^ 

31Ua Ja^a j . 3 jUa1I ^iaL^-aII "jl_^ijl"j i^jh 11 333^ UJ*^ 

<j^jLill d!^3L]l 3^ 3^ *3-^ g'ujJ ^aJJ (_£a!I 3^*31 3jUn V dal q U xiaII <ii_jJaj 3^ J\ 
£JjjJ 3^ ^AjLiolIa <Jjjl_ill dl^j^Ll! 3 ' 3j^ .‘Ll^daj (_£ 3^**^ 1 3^ 4^-1a1, uaII 

dli3 J . ^dll ^^3 ^)AJjd 3 ^ (_£ _>^ 3 £d <1^3 ^d (_£a !1 3^33 331 a ^aaJl 

liLdl jj£ 1 j ^£1 <_33l dt jjL 51 djl£ 31£ <jli 3^31! da j dL3 <jl ^UaLuuj 3 *^ 
2_j33 3^ 3^ 3V &3aVI 13 3J j3j 3 ^>^3 l_j^3 1 a^ d 31 j 

3 a (Aliquots) <11 3 ] 3jjlj dljjL ^3 V <jA <33 ^dj <jl cj3^ •"^>^11 

,<jjjA dljliS 3^ *3 jll 


<j311 ^A-alixll 33 3^ L£ <JjjU3l d! jjlJl L3 .^ ^ 3 *S3-^1 <£j^)3]l 31 
£dad 3 Ad ,3c* 311 S jlja. 3 .ja dd (Coordinating solvent) 3^dj 3 

^3 <JaAj Ad 3^3^! *^.j^j 3 -0 C5^ 6 aLj 3 3^3^! 

.£i*syi 
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350°C -150 °C ^ 


. AjjjU CjIj^L juSi^”\\ 4.7 JS-uill 


A_^.^p ^^9 A3AJ ^*vMl ^xli . (Jj-aAlQ jll jl^jlj 0^}A £Jjou]I £- j£LaJ 

^Jl ^I^aII AiLjaj (JAxa C(_£ jLujJ ^O -0 l)^ CIjLsIiiolaII (Jc-lij (JAxa c-UL ^jl-AjJa] 

. aja^. ^ja ^Liujyi aIL^. (J i"\ c_ iW"i Jliilljj cAj^jlAl! CjIjjLII 


A-ill jLaj tl-plj ^)J-^ Aj jjUll CljljAy^ <■ . j3 Ash'll ^_)A AjAxII (_pa_jxj 

jxj^al c_jjjj l^A JIjIajI J^-^-j • (Ostwald ripening) aII jIujjI ^ j^n 

CjIjjL ^Ic. a_aIj ^ t *. \uaj3 aIsuj ^ $ •slim ASUa ^lijjl ^ ^ u j.) ) ajjjIjII cJjjLII 
S^Ljj £a iAj^IjjI dll^)jiJl JAc. ^3 ^palikjl aAA <ja ^cjjjj • Aj_£jU 

jjxilll AjaI^.1 Aj_$jIj Cj ilj^L L>° C “ J A} C ' C5^ ^ j!lujjl ^ jo^i 1 Ac. LaJ .\g <a>^ 

CjI _j i^LII L) - * 1 0 (j-fJ ^ jl A_il dllxj_j jj £a c ^ aLoiLoj ^9 

lgJ!)Lk (J£joijj S^u-iaall A_Aa^)]I Sjjillj LujLujI AjjjlAjI CIjIjjUI ^‘s JA^j .Ajjjlil! 
^ jjJaj oj)\^±. djl^_jA ^lijjl (_A] Ai^aVA • ^^9 Iajjj c£ 

.AjjjUII ClaljjL^ ^ -Lajai j!1a ^Ic. iJj-sa^J A yj\\W^j .All jIoj jl 
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ciiljj 1 a (Jidj Ajjllj dlljjij (Jj^dLil Ajjjxll ClL>lc.lij]l (JjAxj j£-oJ 

(JjA*j (_jld jA tillj j Jill AjjjIjJI dal jjIjII J ^^llll jA Ajja (j^ 2 ^ 

A_lx*llll ^LAjoiJj . Jl . . . (Joi-iloll jl jl*Q J Sjlj^JI <2».jAj i jj£ Jjll (JjA (Jc.lij]l CllljjjClA 

t,v>«\il Jc- SjJa.uu.il j-Q ajjaj (Surfactants) ^.^.l^ill jjjjJI jaj aIc-IiIaII aI jaII jjj 
(Jjllll (Jvli. S JJ« kS-i (J Jj (Jj^JUOJ ^^j'loriil jl jlll Jlxll 4_Xuij]l jA Jilj JlfuJI (JjJxu J*B 
jl jilll (JaIjc. jLd jli ceilidh .jxj^al 4jjjlj djljjL (JjSavi JJ ll^.V (jAjl Jill 

jl jlll (JaI jC. jjaj j lAA .Ajjjljll cdljjLlI J cSjBJj tLdajI jljj ^-^Jajaill 

(Jaaj Aiii-A <£ja (JjSA’iM AjjlLllI CIjIjjIjII Jajuj ^Jc. (Ja^IxIIa (J£ j uij ^ Jamil 
iajl jl CjjIj jl£ 1 aKj . (J.Vlx a ja! (jjk^j jC- vl,t^ cAjjlLllI djljjljll jl jSLaVI 
JJ ^ Jamil JJ jlll Al ja AiLjaJ (JAaa jl£ 4 Lille. Ja-mll £_a ^.aJa-uill jl jlll (JaI jC- 

Jam jJaJ ^j^^t CIjIa AjjjIj Clll jjL c^UaI L*_il jjjjj . IdaidiA A K ml a 11 Ajjlljll dll jjIjII 
ja j JjlLdi] ^-^Ja-uill jl jlll (JaI jC- ja ^ 1 j jl ^1 AVI ml j£-aj t^UA ( JJ AildaJ . jj« x*a 
JJ J£aL (JaIjaII A^.1 Jajjjj LaAIc. Jllall (Jj±m ^JaB . ^-\.«\.11j ^ViJI SaIjjj (JAjaa 

4^jj£jj ^liiij Jj c jaj31 J ^jLujj Jc. i LaI^J JS1 jdVI jjf^j jj^. J ^3o^iil 

. l,Ag \°l ^SVlll j^AJ (jAAAJ JAJ (JAaa jLoda IgXyld JA j£-OJ 

jc. ^Jill l_lujjj 31 (J!>Lk Ajjjljll CjIjjUI ^jjjjJ ^jL^jll jjjjJaSll jqVn 

l_jjAaV Aj\ L5 ic. ^Iflll c > null jl-^jj Lo 1jjj£j .(Jc-liSll (Jj\^a Jl j\j 4 -I^Aa AiLjaJ 
(JjIS Aj^S j iAjjjllll dal jjUl dale. ja-na ^ CjI ja jjc. <lc.lij jV (Nonsolvent) 

djljjUl ^ja V‘ i jjAa^UI ^IjbI ja ^ilij .(Jc-UlIaII l_jjb-<i11 ^-q (Miscible) ^Ijja^U 

c." ih"i J31 A)\ax \\ jaAj jjj£ Ba. JJ jA tillj . (Flocculation) Ia JSj iu/u Uaa Ajjjlill 

.4_i3 jljjdl] AAjIb JJC. c. ^ Ja AiljJal ^jjjla jc. (Jj \^ a ja AjjjJaC. SbLa SjjL bIxj LaAaC. 

<ja J j*j jl j (Decanted) Jj-^j jl ^ u^a'I Ajjjllll S jjUI J^-aI j JjaII aJI ^jjj 
J a^a JjJI aJjIIj ^iaaj l_jjAa^UI (Titration) ?.Jaj jl .AjjjUll jj^LuiaJI 

CIjIjjIj jj^.LuiA JJ Ia AjjjIjII ClaljjU! JJ^I AjI Aj Aj& ^ aVV‘i Clii^. 

.jj^I AjjJu 


II - V7 j*y* lJ^oj AjjjUJI lj ! jjIJI 

Group //- V/ semiconductor nanocrystals 

ciljjll = M *»" ij^k l(ME) II- VI dj^L^ ja 3! c__flL-ajl ja^a jAjJa^J ^aJJ 

Jill [jAIJI ^al ,w"n J tillA j jJjjlilll j ^a Jjliiudll t CllJ JJ^II = Ej (JJjJI j ^ jAaAI^II j 
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Ijlli- .aj cA AyjjUl! alAL-a ^>ajl i. V' ■ ‘ I /jA 4 Q ~4 , Al 1L& ^Jjd c . ' ^ * ^o_u_ 

(jj3 'di a. (Triggered) ^^3 ^jj - A jf'j' ki jg >« Jl tilij ^a i_jauJI Jjxjj t-Loiljjj 

4 y V ^a jjJaC-“(_jJx-o lllliLAa] £J^)jai]l (_jC. 4^1 auiY1 

.(350°c-150°c) 1^. (ji.Luij -lyy- 



Jj' - *- a aijlaj (ji a ^ AjJjijc. 4£. >4^a i_iaujj Jjj-aA 4jiX\ UU4 a 5.7 


. (JjSjj) lu& 4 *~- j ~ 2 »" ^aa . ^jjijSta (Micel) * 'Aliia (j>a 

J!la 4 ij-ia . " ' V / ;^’ V -~ ' £jo)l j JjUaj ^ T. 4 " ^ ' -3 3 l .■! II 4r- j ~' . /. ^j-a 

? ^S<£}\ JAj) ^lii j i(Dimethylcadmium) ? jAaLiSJI JAa ^LlA 

JjjL j t(Diethylzinc) jAJ JAI Jk&j t(Diethylcadmium) 
Aaa^ AJ'A U [At VI 4x.j*^J y±EL jjL^a U .(Dibenzylmercury) 
j£ll£ j (Chalcogenides organophosphine-R^PE) s _A=A' jyA jill 
J Se tS = E Ays. 4(Bistrimethylsilylchalogenides-TMS 2 E) JyAAA^ji^-Al 
jjlj adlj £-aj ‘R^PS (j-a jp£l 4jV aHy^jA jA*^a£ T1VIS2S Aj-lA ^ajj La Lallc- .Tc 

j jlkj Va j c (Chalcogenides organophosphine) 

■LL^A aAjujLuj t ^a oLa a 'A"- . .,-' ^ . „r,'l diLjju .Te llj Se 13 

‘(Alkylphosphine oxides-R^PO) UaiA£5 j ‘(R 3 P) (Alkylphosphines) t> 

j.H ^3 U. l'\I jjjjll ji Audi! ^gjy^a. 4_iUaiiujl j^J-a ji a_j^£x * . -^ (mjcGl) 4ljAail ^ ^ 
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Alkylamines j cPyridines j tAlkylphosphates j cAlkylphosphites —SI j 

.(Jlldl ^ 5.7 lS^II j^') • (Furans) dliljj^l j 


j TMS 2 S (3 -0 (Jja 4 Lal'i-s a dliiL ^liVu J ^Jc. j)Vn ^^iSI d^lc-liSSI 

Aj^jliSI dljjlJI (j-o AdjliSI aIc-IiIaII jjAali*_SI J .id .ciSjl±uj Jj^jaSj Site ^ g'Tn R 3 PSe 
-Salk A_iLjalij <JixA ^ja^atll ^^.Sc. t^aS jVI dliiLSI A_id ^jaLia (J^d (Ja^ju V 

l_iAa 1 ! j £_£ilJI jldk I ^.aII ^j-g . (Differential rate of precursor incorporation) 

Ail i^, ^Jj iilj^)]l £a S^ij (Jelili R3PO 4 (JLia1 I C5^ •cJ c, l-^ JS 1 (JJa^LaSI 

J! l£^J! (Alkylamine) (j^>L£]l £a Alkylphosine — II ai^I JlidAl j^Sj < jdSI 

^ . ^aISI (JixA 

Group III-V semiconductors lll-V t-iLaSI 


— E <.** tlll-VA-C. ja-n aSI (j-G InE A_1xa3^a L_ daj Ajjjli dlj^L (jjlVl 

II- d^L-a ^jaII dL-dl ^9 ^jJa^A La] (JjLaa $.l^)aJ ^jc. 4 £c_i^j^)]l j ^)^ixudl 

[R3P/R3PO] (j u . ml l c_jjAa !)Ui ^j^.ja]| , [lnCl(C 2 0 4 )] In — SI lie. La .VI 

^j-G Ac. ja^aSI ai^J illjliAjI ^ jt/ii L_lliaJJj .P jl As = E l” tTMS 2 E — SI JjS 

A_ilkli A_dj 4 (J^jAJ 4 ^*\ dli CjIj^L (^3jq ViS ^Lll 6-1 (j-G _£^l Ajjjlill dlj^lJl 

Epitaxial growth >AI 6.7 

(Epitaxial growth) <_ s i£ill jAll JDli. qa ^ ^£11 Jalii (jjjlijl lSj- a-Sfl -Sijjlall 
Jl&\ ja^IS cil jjIJlIaSI <ja AiixSI ^SSl *ia j ^3-Sc- (clusters) Aji jiic. ^ jaA aS 

A ^-^jJa^A ^jl 1 a )9j . (Jj^lall ^ja Ac. j) V‘i a Ac.ja'Xaj ^Li^SI ^j^a 1 il ^aIS 
^LaC. c. Vid Aj'aC. ^LaVI ^3 Ail V] 4L_lli^]l liA L_ll_^.^j ^ja £a«jI ^.SjViSI ^dSI 
j| ^Ld ^ja ^dli Sic. dl^ji ^ja L^jIaUja^. ^ d il^j^L ^ja ^.LaC jl^ 

(Jjiaj ^jUiSI ^j^laSI ^)A ^ SjViSI JA^I L)^ 1 * } . A nar a ^^g-Sc- (JjLuj 

Ajjij cJilj (Laser ablation) jj^SLj Ajj^Sj ^AdLiAj^ S jdl l_iijajj j tAdj^. a_aJ>^ 
lilj aj^j^-^ ^SjViSI ^dSI c." i.Kj ^jl .Ac. jidSl ^jl^)laSI <_ja L <lj)o 

dl^AC. J!>Lk ^ tillij 4 Plating A-i i^ Li") (_$l 4 (JjLa ^ja (Electrochemically) 
oiA ^idliAj .^" Dipping ^jAiAitiir'J du^ijL — jjja-s'iV dLL^c. ^ja j 4*Sjj1JI 
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ja . dll jIaJIa dljj a^C- ja I^A^Laja £■ jljJJ AduC-l ^lll^ Si Ifi- jjlall 

4_ujjIaa L_l^jJJ tjjlall al& ja jl AJajajl jJ a jj£j ^gic- A_ 1 aja£ JaliLj tjjkl 

tig t.^\ a ji^jll ta ji£jll ^Jj jIjaII (j3.i^ JajjjA LS - ^" ^^laJjaill ja jj£ 1 j^3 

(j j^ 1 djjlaj tlgj jl a^jJj ta jjSjll db j£a l_iijjj jl (Crystallinity) a jjlJI 

jl j^AJ tA m a a jj£j L gJc. jl jaII i lunjil A3J jj^VI ^ig-lll l^A (Jvl^ j*j 
V -1 j A-IajaSH JaliLi]l jaj ^9 A-baiiJ jll jA-aldJI .1^.1 jj j . A_ 1 a ja£ JaliLj jl die- ja^a ^dll 
^ C 5 ^ (Single crystal films) Adl^.1 AjjjIj Aibc.1 ^VuJ jl Aii&ll a j jhlt ja 

• ajj^jl! ^gic-j AjjajaII jIjaII a j^JI dl3lla]| ^9 ^jjlJaJ ^a-ic. jlj L-LoiIIa]! (jjUalill 
jaiII jjlaJ AaLtllAll adAxJI jAjt^ 'll! ja jl ^^9 tiilj jC- ^ic. (Jjj-a^JI j^AJj 

•gA^' 


ajj£j ^Jc. Jaliiij ^SVill ja t£»ujlj j.1a]j t ^ liiLiIl jaIII Aij^)Ia ^lajaj 

jaj Ja jjjj jAjJa AaIViia (Matrix) A3 j^^ia (jj'qVi j£aj Aibjia]l aJA (J^ld jaj • ^ \}* <Q 
tAijjj!a]l o^A dj.1^. AjqjS jc. (J\I1 a£ A_iC.jill (jjJal! a^A ja a.1^1 j U.lkl Ijlj .dIsjIa 
ja (^3 J ^a-L-aJ tA-dj^JI AAjpJl (JJijj ^9 .^m\ a^A AjIHa Jaliij jd*J ^JjJajj 1 ViSaj 
tl-1^. (Jlc- jl (Jlc. £.ljk a ^9 ((jjia a-lxJ A^llil j^aj (3^11 cdllij^JI jl i^ljill 

ja c. ^3 ^Ja-uJI ( < 3-l c> "^aVi'i" j dl jllI a^A t flj£jj a^J^^llj 

j \^\\) cljljill (JA (j3J t^jl-uj JISa j .^JadlA JJC. ^IxjVI CjIaJxjj^B 

a jIa (Ja (Crucible) Aii^. ^ jl t(Knudsen cell) AJa. ^ ajUJI ja 

jiaxj ^l.^Vu J t JISaII (JjUjuj Ac-jj J laj"\ a 11 3^ 1^* jjjju ja j , A m a 

^-IaI'N a! (JJjoia L_buJjJ (jq Vn jl (j^- 5 ^ t (^ajjljg 11 jl (j3^_jVl AIaUJI oljUJI 

j^AJ ^-IaI a! 1 *l£j| jV a, Aijjla a^Aj .J jl,A ill jjlall ^9 cAjjj AjJjVic. 

AjjjUI Aj^ jaixll ^-IaI^aII l_iiiujjj t^tllljj t jlxll Ja jJao 3 ^*^ ja Aj ^1^11 

ja ^Lac. ^^Jc. VliLo (3 jj 6.7 ^ .a 1 j*a a j£j ^gJc. a jjaIaa (Nanoclusters) 

^JajojVI (JA jiC. ji (^Jc. C. V'l^'l ^aJ (JA j 1 3 ^-^ AjjjWl (Ge) ^ajjjl-A j-^k 11 djl jjlj 

^al^Vuxilj jjjAall ^.1 ^aJ » ( jjAjll ^1\ Si ajj^jll j tjLoull (^Jj (jjjjjj-all ^3 Clli3ljx]l^ 

(jC.Ljajl (j^lj t A l"iSll jc. djl-AjixA Ja^3 ^Jaxj V jill ^AFM^ AjjIII a jlll jg y 

.^LaxII (Morphology) AliA 

(JA a£Ia-uj ji^l AjjaC-1 ^*1jj 1 (j I^ aVIa AjI Vj 4 A j\jq * \ JaJjJallj C* U 3 I l^jl £a j 
.^Jc.1 Ailii^ ^ 3 ^ U^J (^“^J ^3J^ ^ jJajoJl (__ 5 Jc* Ajjjlj Aj^jVic. ^iaL^-a 
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.La AjtjLuU Ajj^a]l b. Cljli A^L ojuJ ^)j£Vl AjjolC-VI £-0 j 

c^lLlS j 6*o^j£^)]1 ^Jajuj ^gJj (JL-ajj AAj^}la _Laj_jjuo n (JjiiLi]l ^j)Vn 

-*j £ jll Aj^jl-^l ^-l<al y/A\ (jl \\l~i) lijj (jj-lL -)a j^)joi 

. a Li Vi 11 AjJac-l (3^J ^xaL^-a CF" l) 

lg }yj^A t Ajj^lll jl jjq\\ dAA ^ J (_£^)^.l Aij^)la c*I5Ua j 

jL^jVI ^Ajs ls^ (LpLt-all alujI£I 4 JliLall (JjUjoi ciiLL-a^a]l i si x^i ii JasL^j 

(Sputtering) *Jxj£j 3 I L£ .l^lnj ^ ^ixAxwVI ^Ij-Jl (Stoichiometry) <_$ j ^Vm' l 

aJL^JI ^^9 (jl^jqll jl^ 3 3 - 1 ^LijV c£^)^ *Ljj^)la is^ ^ xtjx^i^kll AjjLaII jI ^oll 

^Ic- L ('LL^Jall A Vi Vi (jl ^j^-aj (_^a!I dil_jl]| c_fljj£JI 3aJ! ^ IU>11 

. 4_nx-a 



sisssisss?** 


(jl& Ge — 1) £)a Aj^jU AjJ jllc- ^jalyal (AFM) AjjiJI S jAli >4 jjj-a 6.7 JLiM 

JajiaaJI ^Ja*j ^1 Si02 — flj 4 jLuull ^JJ (jjjjj^l du9l j*JI .jJa^VI (j’ 4 0^ ^ 

tfi jJmLla d ^Ixj AFM 11 jj^a ,j-a Ja^JI CjUhVll AjJ j-aC- JLuJI ^ AojLuII 

. aAaII (j£> A-lo& ljL» jlxji ^yJasu j 
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IaIs AjAxII ^Jajaj ^Jj SaLgII (J jj^aj A^a.oj 

(jlAxi ^3 ^Jajoill ^^ic. cil^yaJJ (jl C1 j!^)AI] lAAic. (J^-gj cAilj^]| A^LLall (j*a ^i£j 3a 

( x ; lqL^-q (j-o (Dilute array) <ai^ <LL-a : Lg] ^ Jj£jj t^Jaxall aIaIgI ^^lc. 

^XAxaLa-G ^9 ^^jIjjoiC. Jftn jl (20' > 4 x.^a^a 11 ^^9 dll^)A]l JlAc.^ I Ada, A .alVixi o^jjat x^i 
^-»-a9l S^)jj-a]l Cljljj^)fLi-G oAc. ^Jl ^i-G^ili 1 <j-G (_p 1 (j-G \ g x>aa ^^9 ^ jl^jjj 

C1jIc.^a^g jpa ^j)Vnll oAda 4iiij-a ^VWi *31^3 ^^9 .(6.7 JS A‘i\i ^^-3 (jjxajll 

(Single oAdaj *3^)34 ‘ j^' 1 ^ ^Lg^L-^j 4-k-aLa Uaj^juj c > ^\)Vn S^jj* 

jjdi ^Ja-uill Sjall ciAiUall £_* ^UjujILo iLLLx<a Jjj c^lilaj ^ciajJ j-q crystal substrates) 

. AjjUuc. (Morphology) (jdjjLjaj <1 a (jjqaM cihk j (s ji£^)l!j ^3^ II SjLg 

^ AjJaAai-G 4_1 a£ *3a9l a^oll j)C. Ajla ^-g£ 4_laai ^>aa ^^9 ^SaMI (jikaj j)£-GJj 

Jalkill CliLajix-a] jjj .AIIjIj A 4 c_flj^)Ja]l ^-Ic. c-lllVIj S^)l£^)]l ^^ic. SaLg]| 

j] t<ald£]l Akjlk C1 iI^)£Ia]I ^9 l^al , W'n J Adil^a^ a^jdi^ 4 _i<gAI oAA Ajla j.qSII 

A_ijI ^joiC. *LiiaiC.Vi (j ]_5 • iS ^311 ^jLik-fti] ^ ^S\l c Lu-a^ill ^9 Ala. (JS An Ac. Lujj^ (Jja_ujj 

^a^xdl 3 -gVI j ^Liak^Ai C5 liklJI ^-oill (j^)Aa 3^ L5^ ^jlVnll 

^^9 . Liild (^l^i^l ^J<Qa ^^9 ^llii] Aaj^jjaA 1 g A)a'l ^Axlj tVjl 1 g ixn j/tnj! 

^ jl pLoixll A T ia.^]^9^j^a l) Aj^ilill ^x>\l A : i2iC.I ^jjaIi! 

^jC. !)LiJa9 All jlujjl) 6^)j_j ; iud]l ^ jjJaij jlxiVl jjHiVl CljLxUjaiaJI 

•(°j^ 

^liklill ^Aill Ja^9 Aalj li^^uj ^9 liil Jaa.^La]l (ja 

'LluiC.I LujLujI ^tllL l^i] j .^Lolxll <aj^Jall A o^)^9 Lg-jV t A-LQjxaSll JaUlil] 

a^Loj .^alla-o (JiLai j (J^yla. ^j-o 4_lc.l lA^)j-alic.j 1 g n ^jl ^-Lal 

Ajj^)£L<a]| ^aII o^jAuLixa <L^a djlk Aaa J alli ^IlL L§jl ^A oA^J oAal j 

Lg n o^jAuLia <jakill (Jj-ajJ ^jl L^iLuj ^j-o 

. 4_iJjjJaj^^]| © J)^_a.V^ ^)AaxJ ^j'un'i ^9 <aJl_XAll *^3^ L5^) 


ialUJl JolAi 7.7 

Quantum dots formed by ion implantation 

3^a 1I ^9 oJ ^a.^-0 (Jiklilli j\ lii\ \a f\ ^-Lqji^SII Jalklll ^ai] AJjA^I o] 

QDC — !' .l^jaiii (Quantum dot composite-QDC) aU*\W 

.(7.7 4_iL^a o^Lg ^9 (kV oAC-^ a 31*J! <9Ua]l Clalk CljljjjVl ^^3 
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a^JaJjjJl IgiV QDC II LS A^J^Ul d-AjjjVI ^ _j j A jIaC. j 

Jl I .A£.j^JI cr^J (Spatial) A-uHaII ^^ic. a j 3a u . il l£ 4 ^jj^)a]I u ijjVI cs^ 

QDC II ^1 ^a ^1,w"um1 jjVI £jjll a ^ aJUI A-plaiijVI a^.jJI 

^allujj .dj^L-a ^aII L-flU^i ll djUijJ&ll ^gJI Z J-dall Alic.lJI dllj jJ.a1I (j£ jlj!lj dAiuJaJ 

ClAjJ^)^, £tIiL (jl ^gjjJ^I S^J^)Jjal] (j^AJ ^ QjS I^lc- lJ J “ a ^l lJ Jw^j^' 

.$, jjJall *_a (Jc-lijj <jl a^A JaliLj CIAjj^^J (j^AJ L \f\ dil3£j i^jjjSiJI aJU^. A-Lq^-^ 


.LgLqj ^IIx-aI! a ~\ j dAjjjVl ^.J-j (Jw^ 3 o^ QDC *^1 ^a ^liijl Aa^^la (j] 

<. S.1A < Qx.rO^l dl]3j C(Jj-a ^a C flj-aj ^)A ^aJ^yLa A ViSa ^j^il Aa^)^. Aa^jJ ^aJJ l^_J^ 

^ A_1aja£ Si Jallj jaJ ^aJ ^yliiA3 . (Si0 2 ) (jjSjkj.ill .llui^l ^^jIj Cftjlc- t^g-^L^j 
djliUa lie. (~10 17 ions cm’ 2 a^-j^JI) Si cAjjj! ^.JJ 4-J^Ijj Si0 2 djli j^-oa 
Cj j\)\^ Ailij ^gic. oLua 0.65 pm-0.75 pm a^Iaxuj Si0 2 ^i 3 ^ 200 keV Qa 


(Jj-saJ ajlj^. CllL^jJ JUC- Si/ Si0 2 (jjJj ^aJJ t^jjll ^XJJ .(8.7 (J^-^l) (100) 
^Laj) ^al I c <a\“iA.A Si -UiL SJja. QDC Jl J- QjjSj ,1100°c J] 

.(8.7 Si — II <«ja. 2iUaj 2x.j^. tj^c. lilli i_aajjj (60 A-20 A Qjj ^jIjjj 

Allj ^A Laj 4 ^ A A’ ' 4£.^lA Ac. a ^Ic. ^btll laiaa A! lilA ^^ujaJ 

• GeSi j tCdSe 4 GaAs — SI Jl« SAUall AJajV' ij^xjj Ti j Au 1 Ge — 11 


0 200 KeV 



5 . 4 ja j-o£ Jallj ^ 1 ual AaltC' AiUa ^3 ^jjjI ^jj SjjjxuJ ^hjhVi j-idajj 7.7 

^^3 (jSdn ^jl ^9 ^ 

Ac._^joiJ AllsUa L_flj-uj C a ^9 AsUa jj ^A_ia A lo^’i ^91^11 
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A^J^laJ dll ^2 £-o CllljjjVI ^a.lLaj-aJ djjoij .fi^jj£^)Jl £-o (Jc.li!ill qa b_j±& 

.(kT = 0.025 eV) 4 j J jaJ ASUall L_J^)J5j AiiUa ^j\\ ^ J-an (s^- 'LjjIjjoiC- 

£a A_xjjola SjJ^jll ^-ix-all (jl ^j£-aa]| (_ja3 C^JjVI ^JjJ' ^** vWl A.3^)1 ViaII Jaj^)2i3l 

(j-o a_ia£ aJ 2] l$-ia ^ii ^^231 aJI^JI ^1 ^LaJuVI (jja • (Dopant ion) Ajtx2VI (jjJ 

(jj^3j ^JJ ^aJ (j-o .ojlc. _^A La-o ^)j£l ^Aij^x-OA^ a ^^3 ^dlli jJ^I) C_jI.1a3I 

^jttll i A_iaja^11 A L-aVill (Jj^jujj ^9 ^JjVI S^la^Jl Jjj*23 g. Jo n <xj-uia]I Jj^3 a^i^^JI 

. J)A lll^ 


^ja 4_Lo^-aS Jali 

SiO : , 

Si(100) 

Aj^Iaj A3 ji^a-a ^ CilLui Si ^ jxunluill £)-® 4j-aj-*£ JalUJ ^^uajC- ^Luaj) 8.7 J£<u2l 

Aa* j-o£JI ialUJI CjLoj-uiaJ ^jjill jLdlj j-uuaJI l-ujjjJI <jl Ja&V . ljUjjVI ^jj jjP 

6 .^j^LV ia-uj j ^_yi A£ jjj-a AoajaS JalUJ Uj£j <jl 



^^9 dlLj^iVI ^jxi3 n Ai^Sj^a-oJI ^^3 A_ij ^ j| ^LixjjVI ^3 -Ja^)iJI 12 a (jl 

^^3 ^1 &2a Jo ig j (J^Lkj .(< 20 A) 1 ^ dLojjuia. 

Sj^^J-oJI <_£ ^i3l Jl <_£^kl jl^-o AiLdj ^j^ajj c^^IiU (jj^ (Jj )\*\ a 

^Ic. .ii^)j a^.^j Aic. "^-<uJI 4 _L^.^)a"j "^jVI" <_£ ^ilJI 12 a Y vwjj 12 a .Ja2s 

.500°C 


YIjJjujjI ^ ^^-a-ujJ AjIaC- (j-o t."ilVl ^aS3l Jallj jxlI ^ya A_ijl23l A_L^.^)aJI 

JIjojoijI ^j-^j jl . Jj^iill 12 a qa ^Luj Cj3j ^ 1 g Aj.Vq'i ^1 (Ostwald ripening) 

4g.-laJJ 'A"i lg_&] cAjI^JI o JJ» x-Q djIj^L (Jj^jujJ LgJ^Lk ^aJJ ^^^231 A_i1axJI ^^a 

S^jLaaJj .S^lxa-all djI^J^LJI L—lLol^. ^-Jc. ^Ajj 1 g \ a *^^ C ' ^LjJJjujLj 

djIjjlJI jaj (J!>Lkj cIjIj^LII "jj2J!" AjLIaj q jj* x-^ 31 djIjjUl l_s jx-An 

\_ij\2Jj aJaxJI o2a (Jx-oVij x-oll ^j-o LgJ^^ Lo A qj-i ia\ 1 ^ ajpuxn 


318 



J-sa^A ^A IajSj .d^xx-all dal_jJ2l j)A <sLLa]l 4_i^lj (jA J£l 4-lda^A yS^\ dlJJ2l 
j}A AjU (^£1 4-1 jg >*n <_£ j±n L^jV Jj 4 6 b^Ax.xs-i dal jjL Jj^jujJ 4iiUa 4_i^.lj j}A 
Ja-uj AiUa I^jaI J) !)LijJad J£l S^n^ll dll^jLlI (jjj 4_J^aJI l^iAldAll 4_ia.lj 

. AAxll 0^)j3t kSI dal^jJj 4 j^L (J^-ujVi (jA 4 j\ 3 4 4_i£^a. Jd 4_g_^.j j}A tciilll . (^jaI 

dll^da IaJ IdAll AijUall 4_lLa. ^Ad Cj' jA-^J 4 6^1^ Jajaj 4ijUa (_£_^}dl 4_i^lj (j-Q 
J jddll (jli 4 a1Ij1ujjI j-jdad Aj.WaII jldd^l JJ 4-ixdlLj to_j. C jIjJj JJ 

/? oc £ 4_ic. ^jnaMI (jdaJj (jAjll ^ m^MI ^jaJI £a 4 t Uj-illlj o^jJ2l ia-uj j2a 

aL^-jI A (JAaj^ 4 UaiLIaII (jAjI ^A t 4 dal-AjjaiJI Ja3 <> d-d ^A /? d a a*s t(A?)^ 

JXa. (jjAlill ^JJ 4 u« alb IaI . 4_d-all dal A aI^aII £-<* -lajj^jj dul Jll (jA 4X- J)A~N A 

Iaa 4 (Asymptotic region) <bjlda 4-lLa. JJ Jjaj aII jdjl ^ jdaj (jli 4<LJa dal Js 

jjJaj (jjja (jc. ^aL (jl (j^-oJ A-Ia^-^ 4_lad ^‘N^l ^x-a^l ,wll (jUaA A^. A^^.j ^ *a»j 

.(3.7 JiUI jtii) Jl jIoj jl 

jA dal au*i Jl Aj.W'al QDC (jjAlj J (jjjVI 4c. U^ _jja11j cjdldll (jl 

(jj L$ J^ 1 - 0 j)A dJ)J L_fljjai ^^)JI <J (jj^VI 4c. . Ia^. ^-a Ljajl 

dal ajx *i Jl Ja-uj jja (jli t^jdall Aj_j1a11 AjjouII ^Jjaull 

AildaVl-J .^A_ll!^ ^ J±i\ A^.LulA S^ 2 k,^ JS1 dalj ^j| A^,^luJ AS^ Adajl 

co^i^ ^1 >^l-j Aaa^a^ Jalaj ^ja 4_1a£ Idajl ^lij^l ^jls ttiilj 

(jl A la^^yLa (jldll jjA .A_lllc- 0^)1^)^. daL^._jJ dc. ^aJ A jIaC. ^A (_5^l ^IIjJjujjI ^ jdaj£ 

^1x3 .Aja^a£ Jallj ^1 -n^I (jA <xjuj!j As^. ja^ a ^dla jjl laid (jj^iidAll ^Jjiu 

ions-cm" 2 j)-Q Ge + (y* diAj ^pll j ^Ge ^11 Jaliil (jl (jjl^lJI ^a.j 4 JIaaII lW^ 

6^1 dc. (jdij LaAIc. 50 Al Jl <Jad iajaj j!1a 10 17 

l_jjL Ia Jl ^->^11 Ja-ujjlo 1000°c ojl dal^.jA dc. (jdiHI (jj^ J 4 600°C 
(jjjl (jli 4tillA 2 _a .200 A Jj J-d o^ld ^a J^kba 4_1 aja£ Jalaj ^a j 80 A (j-Q 

4_ia^a£ Jallj JJ 1000°c dc. (3 a.V (jdij ^a 46x 10 16 ions-cm’ 2 (j-o Ge + 

.^aLaJl c." a* a AVa ^3 (jdlidjl 45 A Jajuj JIa ^a alia 


^jA^'a Jg.Iaj JJ da^)L-a^A]l L_ fll >.s-x\\ aI ^a (J;id 4 ^aja^ II j's^ll 4 >jVa^ 

(Band Sj^ill jUdl (jjjl ^JJ JJ AildaVlj 4 ^ a u Al l (jUaill (Quantization) 
f jjaAHII Ajnlj^i j (Si) (jjliUI (jl 4 JUJI Jc- t J*J •l£J j ^JI g^p) 

1.12 ^ Ajx^i'N a ^^-3 liliaj Jl Jl (Jc* 1 Ag,l 4 Aaaja£ Jala2 (jlj^jjg A‘i (jljAl-A IaAj 4(CdSej 
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\ \a o ^^-3 AilUa ^ IjE J u^j .(298 K ^) 1.74 eV j eV 

^^3 1^. o-IiLq 3^-<2i dAA (J», Vi D«lljiSi 4-ix-aLvSi o2a jij * ^.^iJ^Lxa j j^£li L QjlaSi (jA 
^a ^-AjA^H ^Ic. Ajj 3 ijbi Si QDC ^ JA Jg 3-Vi .A-i^^ljiSMi Cljl^nJadli 

0 ji 3jJji £-g jj£i i ^ Jalaj tg_i3 jaai ji ^3 j!1a 1I (jA ^ili 

AiilJa Si ^li JalLlS ^U/i'l <950°C Sjij^ Q\<**\\\ .(9.7 (jjAlili 

itjji * I 6 j4*j Lj?\ ~ 1-82 eV l£j^ (Photoluminescence) (PL) (3IL 

^2 ^ ^ jj3u £-* e_£3lkVI 13 a (3^1 jjj ."“1.65 eV PL <aUa J] 1100°C Aic. bili 
. 1 100°c ^ 30 A Jj 950°C ^ 20 A <> Jat <> Si — 11 ^ a±& 



(nm) 

Si0 2 lJ £jj>II Si —II c> (Photoluminescence) <^>^11 Jltsil <-5LJa! 9.7 Jiifl 
4 c>) .1100°C j 950°C ^jj* -*4J (400 keV, 1.53xl0 17 cm 2 ) 

.(f Ljjil] a S I (jA jib 

S$j . QDC Si ja 4_UJ Vuil jjl Aji ja l_3aji dsb i^jVI ^33 3^3^ (3 jS<a i 

^3 (Li) ^a j/n'S A_ 1 A Jallj ^IjjV dlb jjVI ^33 4-x_aL^. jji^.b]i ^aAWiI 

A (j<o (Jsl JajaijiAJ Li ^3-0^ JaliLj (JS2n .(MgO) ^3-1 x*i 3 la ]1 A UaiSI (J 3I j-Q jjl^j 

^a o3a ^11 Jallj .700°C -be. (_3^.V jjAlj 30 keV AiUa ciiij Li ciAjjji ^ jjj 100 
Vj .bcc A-iAjjaiak 4_nj dili AqjL^i ^ Li Si A 3 ^. J (j A ^c. jli <^Ic. tAjAlc. jjc. fee 4_nj 

. jijiilujVi A23jA 3 ^a 1! C-bj-iAS qll (jA Ajj-OJ ^-AJOJj QDC Si JA (jA ^i^j^i 6 2a ji 
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GaSb A-iaj-aS <Ualj JaLaJV jg >.a1b Sjj^ 10.7 

J-a LujjI-Iuj Lujjj JalHil .500 eV (jjjl AiUa £-a c Ar (jjJ 4 -uujajjjj Aj^luta 
ujjSV JjIIaJI jjjjoil (Insets) cjllajia-a]! j^Isjj • UJ^' SiUaj J^Ijuj Sjaa* A^j»a Jjia 

. (Ajfbj^Vl AajLjaill 4 jit 4*\ll qj * (jSy 5 ^^j-ail (j^) • jl ^ AiLm* 


(Ion sputtering) "a^jjVI <2j j2j jll" ^ j^V! ^ jjll <>* ^UUa j 

^j-a ^^A A_uj^Jjoi^j]I .4_La^a£ JaliLi] S,*) jl^-a A^al .'A'unl (j^-aJ 

A_uj^)juj^)]| j ^ U^ ^.aj .1 j 1^)11 ^ jill j . AjJai^-La AsliaJ LS^-5^^ 

^Jajoj 4_l«a^-a^ -2al^j (j-a 6«ll^. CLlbjix^ ^^A (Jj S Aj£^)-a ^l^-a k**Uaj\ <Luo^)jjj^)]i <jl 

^•llijl ^j£-a-all Qja I^A (Ja ~NJ 1 keV AiiLLaJ Ar ClAijjlj ^Ja.uj L XlC- j 

^U5I j)\ jfilui)$\ l ' )Uii ) tiili i."l,Kj .(10.7 j A_i-a^a£ Jallj ^j-a AdjailAui djlajij-a 

^Ja-uj dll^p jjJa^-J ^Jajoill ^)l^)£lujl ^ 1 UnU .A^Uall A-a^j^, ^jC. 

(J ^lall Ajj-aLi-j ^^.^Jajaill j)\, Jl\\ "iV 1 JaJ^j (j^aJj • t >" iVuiU ^jLaujl 

clulj jA D !■** 4 l c = 2E ■yj('2D / E ) — J oUax-all A^I-luJI Aajix-all ll c j-a]| 

. Afilia E J ^jbaYiVI 
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N anocomposites 

. Ai^ljjLa i j j-a-ullj 30^ 4 J *- a d^ •A-ujAiAj ^ic. ^joi3 


Introduction 


1.8 


JjLVi SjjxIo j! I jjU Nanocomposites AjjiUl! CjL£j^1I c-sjj*j 
( jjSljj .<jst j 100 nm — 1' 4 jjj qa Ja^fl LS ic. ^a.lj ^!i£l jl -1^.1 j 

qa 4_i^ A_ iaAIj CIiajojjI ^llll ^^ill Aj^iLil! dlLi^^Al! ^Jax a 

Aj**mj ^\ ji\ Aj^Ij Ajj^j^aaII 1 g“n n c." <ja j! ja \\ cilfc c. <ajuA'i ^j^ajj 

Aj^jU dild^>Aj Aj^ili AjjLiIa ditlila dili A_ii±L Aj^jli C'\[\^^a (I) : (1.8 

c^jjULaII Aj^ili ^jliaSl dal 3 (Ia^aC. A_ilaj aa| liLidaS Aij)^^i a ^ja < alLii A )3-» a*s 

^Ic-j . Aj^jlj dll aj^i-s ^jdaildj Ai j^aa (_ja A_iaJjja^ Aj^jlj dll_i£^)Aj 

^_ic. (jl A x a"i~n a AjjjUll C1 iIj£^)a]I (j-al^dl (j£aj t(_£__ < )dVI A-dlxll daLi^^All ^)l^)d 

j^UaII ^11^. ^jl^laVI L*ilj diLuilLo (jli ciili j}A ^)!i£l .fiJ^)il a lA^l^ial 

AjjaIaII dilAjoill j)A J .Lille. A Iuina Ai jIIa ^)J d ^gaj\ >an (jl (_£^jiA^jLill 

(jjJJ LajS jJ^xall A-^LoiaI S^uSlI Ajjaiill Aj^iLill dll_i£^)Al] AaI^JI Ajj^)5Lia]| 

diLajjoi^. ^gi 700m“/cm 3 Jl (jl a±m u I 1 aj Jaj tJlfLafl JjUui Jc. . ^>^11 

(Jjl*j A_ixd cAj^ilill dll^jAj] ^ill dlLi^^A ^9 ^j) ) iaIVI dll^iLujj ^Jilall (JU^iU^ll 


( ^ Robert C. Cammarata, Department of Materials, Science and Engineering, Johns 
Hopkins University, Baltimore, MD. 
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(jl )^S1 <L^.I_uia1I y^A a^)JaS ^>~n ~s ^Sj ^a^]| S^)£j i. 1* ^ Aj^Luia <iudj 

.UISj I^^JlIujI (_j£aj Ajjoi^a ^gajl >/r\ 121c. 





Aj^jU ljLSja (I) :lgj jaaa]! Jl jiaVI (j-uULa X-a Aj^jU ljLSj^j ^Uj JjIoj 1.8 

q- 4 t flllTi (AjjjU ti&Lcul) AjhA AjjjU LjUSj-a (l-j) .A Jjla ljIj ljUjM AajJj^ 

£y* Aj^jU Ajalm A ljLSja .(JaIAaII AjjjU d jUaSi ljIj UlxuaS qmSl^I AS 

. (jjjlL^l AjjjU d jUaSl uj! J lj! Auuy £yJaj*j A^jAaoa 


^\ja Lgjl ^Ic- Ajxjj.V^.B l^jllniaj C qa Aj^jlill C1 jIj£^a]| c. qju/i'i ^£ajj 

Ixjj^ AJL&\ si yA ^j^nJVia aSI^ l$£ jLJ 1 x \\j A_iiiiaj 

i' ^ V ^ \ L fll l ^ ^ \ A ^ 1 ^\ i L * A_tirfol 3 * ^ A a! ^ -^S \ \ 1 ^ i S-\ 4 i **V \ 

diLiila £ja C alljj ^A^Uxill AjLAall 1 fll t>si\\ La^aC. ^_ajujJ^ Aj^jLill 

Ai±lali a^Lajuj tytalii La.Vi»°i .AjsI^VS GaAl x Asi_ x — Slj GaAs — Si dl^^L (^a AjjLiIa 

<_j^aj AJ4^\j1I A a uAsSl SsLaSI ^)AjJa _jLuia 1I iajujjlA QjJ Ia ^gij 

,A_ia ja^SI y\ x^-i^V I (Jac-lLo lutij cAljj d.lj.li. Ajj jjJaj Adj^j^JI (j-aA j'^'n ^jl 

GaAl x Asi_ SI A^uiS ^^jaALiJI g.1 AiilJall ^1 A A LiAjj 1 SaJaA a 2.8 cJ^ *'21 

jV LAja. ' j >S^A GaAs — Si Ai±L ^ ^jjjj^SVi jliic'l .Aijlali GaAs/ x 
E c AJaUli ^Uaj q±i (jjaJI ^jLulJ A£ AaUaSl J^la. ^-lij^ji "A_ia^a£ 

tA.A^'iuiA A^Ua CjIjjJjjia ^.)A^k ^ uni cA£" — > 00 t-oAic. j . ^jjJiilaSi 

r _ j i$jc. 

E n =n 2 h 2 /8m*w 2 (1.8) 
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a!j£ ffl j CIdIj jA /i j t ...c3 t2 tl jLaj j J-ixll jA 72 

^pa^)C. ^m'nj . (GaAs AiLla A^Lajuj^ A.iaja^ 11 ^)!n]l (_jia^)C. ^A Wj cAJLxill Qj_jj£JY1 
AijjjJ^lYl Cjl&uJadll jjsi* j' dASUa L_a 2 jJ ^£aj 



. GaAs /GaAl x Asi_ x — Jl ^ ji^I! ASUa jjUall ^Uj LI^La 2.8 

^jlujj (jla j& ljU Ajaja£ ji j tdja. I jyi%4 ( *P" AjuUj JjaaII) (jjjoSJVI jLuC-l 

AafiU]| JjUaj JIujI (jjj Jjjill A E jl ^ jLuiJj .GaAs — 11 ALJa A£Lauj 

.SjaAll JjUaj A 3 lL Eg a pJ c j 3 l£ill JjUaj ^Jc-I ASUa Z? v ^jIa! E c 


<_ja <j^£a AjjSj (S A-^IAjVI Aj^jlill CljLi£^A]l aIIaI i^a 

(Yield strength) S^Lall £- j*>iA Aa jIIa awTi Ia LJlc. .AiL-a A^jlj c*La! cIiLgjj.^. 

Jajai jJa (j^ dlljiixJI A^^)V*ia\1 CjIaI x-^q'iYl c > )1»M Ag^£/U1 o 

^ dal aj* ayW ^jLlaSl (_ja Ail ^jAal (_£ ^j\j l_i£^)a ^3 CIjLxUjoi^JI AsLuiaII 

Aa^£}UI o jSIL A W'Vi jjJa^Jl Aa jULa (jls cAjj^j^jaII A_mli ^3 jlxjl ^^IjLg _j* >.si\ 

cAA 3.8 iS ^ £.1 Cla\ AUxi'sll jjl^jj ClaLol l>U 

O s jiSI .(Orowan bowing mechanisms) jljjjt <— >L»S1 «j-Aj SijjxAll 

lAjilliil Ajjjjiiil SjIjxJIj dll /UjoiaJl J o>. s-l jjM- 1 <-o j)>UI 


a - Gb/k 


(2.8) 


(Burgers) jjc-^ ^Ix2j j& b j Ai jL-aA31 SjIaII ^j-as (JaIc. jA G dLu^k 

CIjLgJjoi^JI ^jUaSl ^aJ I ili . CIjLgJaa^JI A3Luia]I Ja-uj jIa X J 6 ^j-aLkJl 

CIjLajjoi^JI Ailj£ jli cdjLA^xii^Jl ciiL jLilll ^jA CjjLol c.” ) 1^^ ouiuA 
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AjjSj Vi ^£aa!I <ja tAjjjliJI CIAajjoi^JI ^I.^VujAjj till . $.1 jiilV I dj 3 ^lill 

\ ^ \9 k s-\ 4_ia^»^, i ** ^ ^ 1 11 7^ AjjolIj Aia^^-lA 


9 ,10 


^gic. M t Ajx u*o Aj^jli Aj£^ja j| ^a (Jj-saall lAA ^3 l_Ajjuj 

Ajv^aII jI ^a]I ^gic. a£aI ^Jj AiLjaj t ^jjjjJalAll ^jj.viatll ^kVj A^illl 

^jjdSLlj c s^jujj .A n^kg II jI^aIIj ClL^L-a^All < il jI^aj AjSLiaI ^IjoiII ^ J 

Aji±LallJ Aj^jini VjIj£^)a 1I (I) -0 C3' x *0 V ^ cJ^ Ajxj.m^)]l A^JUaII j L_ii£^jjll Jjj! 

.AaI^JI A^llill l^j\ ^nJV ^Jl AiljJaj t ^AjaJja^JI j -A jJ-aj V \| j 

<LLuj^Ja]| 4 \\ . t ** >1 Aii n-v \ 1 



.^LuaijVI A£j^ ^ajjju jVj^. l^-Lua jj X ^4^1 lj! j AxuijIaII CjIau^JI t—flj<uoTi 3.8 jLutil 

Nanolayered Composites NiLlall 4 j^U1I UjLSj^I 2.8 

^LjI ^1 LjjISj S.^a'I ALi3^)]I oJ-IxIaII CjlaJall CjI j jI^aII ^lUjl J jxj 

Ajj)]^a ^jui&a jV ja J ^ _jl )^a<Q .‘UW CliLilla ^ja C alljj ^lill ^ - 4 _lAjLi]I j A^Laa-II! <. A^JahII 

tA_i]lc. Cjli C.U^ll oJAxIIa n^A uVi ^Ic. Sj^aII IaI . ^^£ja ^ic. 

oAA .(Thin films) Aaj3^)]l aViC^I l_iijujjj ^3 Aa^Ia Jjjl^Ja jj^Ja £A VV<iV ^£a 

l&L*. j . CjUJJI A^Lauj j CjU j^a'I C* U*s (_ja IaIaj Aiaj) h^ia Jl ^ja ^ ini (J^l ^lall 

jLuVI ^11^. S^l jll Ai±la]l ASLaxjj ^j£aj t A a Jy*i>ll A CIAj^^aII ^)^»a1 

. A, TV Aj^j^jVa Aj_3^ A a a. Vi A ^^11 (J^j^a^ll ^aJ ^ja ^ lAjjifl 

Ajjxnll jIxjVI ^UaI S^)jaa 1I Ajj-al_kJI ^jli 6 1 1.8 cJ^jaII 

AjjLiIa ^)^la]l A_jjl_ij VjLa±la (_ja Ajj)^x>ll A-iAjJall jI^aII ^^3 t A j^^jVaII 

(JjIxj Ia ^i A^nm ^$i) yv ^ _ji ^^ni Ainm cJ^ia 

% 

{ja Aj j^aII j dj\.q iJ-a\l oJ^*I1a1I A \x u^ill jI^aII . ^jjj^) jIVIa ^jJjliLa ^^li^lAjai 
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l-aIIjlj ciA£\ $.1 jx* t(Heterostructures) LS ^\ j| ^ aIL <illLx jl jLi ^ dALIa 

diliiLa C}* ^J)Sa\I tdilllLall o J-IxIIaII ^ajujJj j\ 4_LiIa Cllli±Ia 

Xic. ^1 aJ\ (3^1 ^HSLj c. ^✓Vn AjjjUI 4_mll Clilj CliljjlJI 

oIa ^.1 j .(Superlattices) Aijlall c^Ku^'L c(jl jLVI CjUiiL .lie. ^1) ^ jlaJ 

GaAs /GaAl x Asi_ x aS u\ill L^HIiaI tAisLill ^ L>^aj AjLlAll u*ai\ 1 4-ol^Jl jI ^aII 

dllaili]l <il fuxiVl Alllc. LljLjJa^C. la 4.8 (JSx'Iili .Aa^LJI ^9 &3j£Aa11 


InAs-Aijlili ^Surill (Transmission electron microscope) ^ jj&JVl 

.* 

epitaxy 4 y^All 4-^jjlJl ajaIJI (JIa*iLujIj ^lill GaSb (100) 



^il^A AjV^xaII AjiiLall CjLSjaJI diliila £)J^ “^3^ L3 1-a LaIIc- j 

S-lj-liajl C_ll_Ll_LsJl dlli l-'lajU'l oJ^xioll j 12] J 4 AjjL^.1 da! j _jL 

^j-Q Aj o£L<i]l 4*‘4 q^U\l A iV';» ^11 ^j\ --ill j; ^_il 4 ^Lja j .<£jli A S ' ■'■■ J lAYiVI 

*• " '' ..'°^ ^ ^' r - LoLaJ 4 oUU,^.Vl 5J^Lc- Ca\ 2 J 4Ailli_0 4 jj_j1j Clll2 4 " i' a ji 1-. 

. <ajli A A ' 1 »Jajl ^Ajaij 4 - " ^ ^ . -4 ^ 



jLLi jg-v .j i-iUViti 4JLluiV1 AJlfr A jjQ a « a jjjLJajC. 4.8 J£&! 


(M. Twigg Aial>a jju AumG) . InAs-GaSb (100) AMi 
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Synthesis and processing 


AoJlxJlj ^uVi' l 1.2.8 


AjjjJoxJI jJC. 4 j'<LLi 1! AjjjUll ^-llLV ^ c " J^ 1 jj£! <j-a 

(jjJ^La <_j-a 4_JjLi1a diLiila ^jjJajli] i£ L5^ 4jLi3^)l! A-iLic-V! £JjJajJ 

^ I ^j| ^jj-sa ^3 £_uj! j (jUaj ^gic. L_nlLoiV I o A& (JLaatliioi! ^1 I _^Jaj j . ^ ^ ^)j£! j! (jj ‘^1*^ <a 

^jjaxJJ \ ^'u’^LLq AiL*i]l (_j-a jli tAjiiLall Aj^jlil! ^-^l!j Aj^jlil! ClAj^^al! ^ja (_£^)k! 

* % 

Physical Vapor Deposition ) l^Ljya S j^jVI <jj! J ^ 3 • J u-^qM I 

AjoaC-! ^ja djlixla ^-llijj £-uj!j ls^ J ^)jVnll lg_Laj c^(PVD) 

<_j-ajJa ojlc. J^j!^)la]! o^A ^jajJslu . ^ ^ $ A j^>ja! ^Jjojj 4-ij.lx-aj <l3lj t, 4 j* n^i 

J-biLal! $.Loii_I! ^llLj 4_i*J ^jLiillj c3^ J ^p! *^*0 (j-Q s>! ^J! cl) -0 S^L^-a 

ajL<i]| ^Jajuj £-a (J-aL^. _jl-C> ClAjjj! ^ 1 >.s-i) ^AjJalliS <Loi_Jjo)^)]! La! . ClslilLal! 

a LS - ^" ^ & « JaV'i iS^)^. ^ filial ^1 La !,Lfcj ilgajx>i jJ ^ L_3 jC.^al! 

^ja tAj-li^jlil! j! Aj.yu^Vl diLiiLall L*li-a! ^IjoiI! < 1L^. ^^3j . J^iS^)l! pLoix]! (jjj£lil 

o.^i^k a CllLaJjo^. <La^)^. (JIax! 1 ujIj^ A-ifLi-a! ^IjoiI! o^loi!! (j-a ^)joiL±a]! Aojj^jojj^)]! £.!^)^J (j^-a-al! 

JUJ l x^ajl (j£-a-al! ^ja j . ^ ^ jJ jl ^)1! dl! d^jjlL <Luo^)joi^)]! j! A-LL^^l! A W will 

.A\\\x A j!^a (JLfcXJjolL Lilc-Uj <Lo)^)jo 1 ^}]! £.!^)sJj 0 ^)^k^ll ^Jj j! ^Jd^ool^V! 

^ja AjjLiIa jjjoi J A \ \,\x a djliiLa qa L_al\jj Ajjoic.i UJ^J 

^jjjjLa i^ja djLlilal L-J jlVUll ^Lui^joi^IIj La! t^ilj ^j^-aJj .AI-AI2O3 1! 

^jj^k ^i^Vl L‘ \k n ^Laooa tL 11^ j (Al) 0 ^.! j A) \\x a o^La AJh^xli^l j! i ^jjqL'N a 


<AlLa Aj^jli ^!^-a ^liijV L>Jaj! Aojj^)joi^)1! (_)a*Iiioi! .^Lllc.lij tili-a! _ jjjoi1! <liLa ^L^^)juo_j1 

. Aj_J^LV 4 j^>Ja! ^)Jjo3 j A \ \.\x A 

<ajlil! A^Joll! (j- 0 Clj^lo-a^al! L_fllo^aj! A t 1joiC-! <1L^. ^3 La! 

A_illc. ojjU! Aj^U.! j! ^-a ( xjo-£a c > il A 'i tA-a^Lal! ^a o_j^£aa1! GaAs/GaAl x As i_ x 

^Ajjj^^J! ^La^^JL <Ailal! dj!^)^Ll! 4 jaV'i (JLa*Ilioi! ClAq nl-nl! ^Aar a\ 

% 

jpjj <xi_j]al<i Ajiikll AjjjUI AaaI 1]| jilxj . (Molecular beam epithaxy-MBE) 

% 

^_y 1 A£- j±1a Ar-j^y ^ 1^-13 J-<uLljaLJj A ^j^)ja ^ycuJa l^_l3 ^JjJaj!i]l 3 1 ' 

( Reflection of high 2JUall yr^l OJJ^V' Ij-i* 

Auger electron spectroscopy AujjjHVI J^-j' 3 energy electron diffraction) 

A ^ j 11 <A_lLl 11 Clll J A 1AJJ (JLaJtliall A)^ j .^.UjUlSI ■ >* Jj A_iB1 j*cS AjJ.~l^l~'l^ll 
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t Ga) j^aII ^GaAs/GaAlxAs^x Aijlill 4^221 

6^)1^)^. dll A Al^A Jx>lJJ QJ^.J . L_D^)Jujj L£)ld (j -0 ^g-A^-dll jl ( AS <A1 

% 

.aALdl yd Aijj^)j£JI LaJ^. cjjliUll 4_dlc. ^jlg. x*Vil 

JLudJ (Pulsed laser deposition (PLD)) 18 ^ . ^n' l jjJlL jAx Xn j 

i^ja .a^Ld a^^^ (J^Ia ^ic. ^ g jmx^tjJj SA^JI aALdl yd a^)Jj-a3 ^j^d 4 x>> n 

Lgd SaLo ^j-o dU j^aII a A Ada SaLa ^x jx>i jJ O' 0 L£aj dl Ld-gil PLD 11 dLajoa 

d^Lx-a^dl QA A-ifLi^l^luJ dl_A J)3-Vl<a AjuLoJ AIaxM J C* ^ U^*ll IaIj 4L_u£^Jj]| 

* 

^pL-a-a C* dAx'uxil Aii j Ajjj^)ill a! ^aIIj 4_dlxll a^)l^)aJI <a^A dlA djjjlill 

. l" A q dll SAAxlLa 4_i2icd £_id j!il aI^aII aAAxd 

% * 

^ 4jjLia_i£ Jjjl ^Ja C dA«.*u J ( U^ s jJi\ £JjJajJ Jjjl^)ia ^Jj AiLjaVl-J 
Chemical ) LdljAj^ a^dVI ^jx>»jj J^l^all cilt <j-aj .AjiJall Aj^jLII Alj^dl ^juAi 
dfdal j 4dAx-a dLajlaia ^-td) <*jL 2 ALjia c^J 6 (vapor deposition (CVD) 

dj^lc-lij (JLadujI tLdl_iAj£ a^ppVI £dajj £.IjjI ^ .^’ ^4_c.^Ila <la\j c_dajj 

aAxdVIj c Reduction £_Ux jVIj t Pyrolysis J ^ t>° 

Metallo-Organic ) l^liAd 4 j j > >»» . ' 1 a jdVI £pdjj 2d j .Oxidation 

Aijli dl£d ^IdjV A-laaVI 0-° (Chemical Vapor Deposition (MOCVD) 

(JjdxVd ^^jAx-aV Aj^jAjA £-a (jAbt-a d^idll Jc-lij ^jAK^kU Lf^J . d^L-a ^ a] I dLx-ajl 0-° 
<_j-a ddli a£jjjj ^u/nl A-illHSI (JLojCIuj! O^AJ t^liiAa .LlaLlll c L^o'i ajLdl <a±L 

:GaAs/GaAl x Asi. x — ^ 

Ga(CH 3 ) 3 (g) + AsH 3 (g) -* GaAs(s) + CH 4 (g) (3.8) 

xAl(CH 3 ) 3 (g) + (l-x)Ga(CH 3 ) 3 (g) + AsH 3 -* AlxGa^xAsCs) + 3CH 4 (g) (4.8) 

Aj^L*JI Clalj j^a'1 j Clll^liJ! ia^xjJaj l^U/ill 

.Lille, a J Cli! j iajli CjI^s Uxi 

jl^A L^a (_j£a tljuxn A ^)P* JJ 

a^j^JjaJI a AA Qax^u c_L-ajj 4 ,j^j a! A \ \.\* As^ jaia ClA, $\ J-all aAAjCLo 

^ ja A^-J ciilA ^jl V] .A^lj c.“ (JL ajCLujIj £^Ua ^ ^ij IjjLiLo \ajx>i jJ 
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AjjL^ill e-LlAjill C \ g x \ \ KS-i ) ^j£-gJ ^lill ClsLOall o JAtliLl CjLgjJV^II ^1 

oAfc AlLi. 131 . aLj Clnl^i (JLa*JjujI £-g aLIjLg <j^ij V A3 (j-ilLLll 

LI _jjQj ^LLj^ill ^u>> jjII l LAnj . ^jjiilk-G ^j-o l_j jIiLgII ^u>) jjII CjLg jiuJI 

^llaj 4 Ajj!1uia ^JC- Aj-uaxj ^.ic. o^ALaII 41g tAaliLili ^iali^Jl AiLjal (_£^}Ll 

4 Lq Vi <_ji-GJ Li-g l^jjji ^>jil AaILosJ A^Lg-uiJ ^£^jL L_li^>A ^JjJajj j cAjuujI j J^LL-g 

C5^ LS J^-VI ,*-14^3 Jjll Jjjl jlaJ 

22 2 1 V 

^aaji l Languir-Blodgett Cu^jL (JjjI jL CaiLj 

(Monomolecular) CjlLj^JI ApLL CALL ^ ajjjJoc AiLcI ^LjV ^1311 

jrLj) ^Ac. o^ALall ^&^c.j jL ~ ^)j)j> A/ Ajjoic-I AjoiLoiA ^jil .&Aj. 1 c. (j^iuj (_£Ag ^^Ac. 

Igj-LL ^_j-g Cja^. 100 nm L) -0 ^il aALgL AiLuaij S j y^\ aAIc. a » a-na Ajjoic.1 

AuOL CjILL (jLj dilaJall oJALLg Aj^aL C liLi^A ^-Lj) Ail Vj .AijlLlI 

O^GJ ^lill CjIalLJI (j-o Aj jLg jl^A ^ U.O ALjUl 0^-J (jLgJj .^^’^^AjjLiLg 

AjI dlA ^1\ L_fll_jJaj . CjI ^Lg^jLII CjI^jAuC. Ajj^j O' 0 Q^JJ* (jj £j (jl 1 £ ’ia (Ji A^LgjoiI 

. 19 ^L J ^1I £_iCa j!il L CjlaLall oJALLg ALL Aj^aJ A.iLiC.1 c." i-Vnl Ai 


Functional materials 


hL&jl\ Jt>4 1\ .2.2.8 


C iliuall J ;Lg ^aC. ^^-nli SjjLLaII ClOL^a jaII L_flU-ajl tlLLoi aLOaL LJ lia J 

Ajj^A^all ^ Aj^^LlgII A i | ^1 1 \ l Ac. ^ j!i<g Ac. ^ ^ A ^ A i A Ao.^^ A *g ^1 g\ I 

CjLq jLull dL JLgJ j t^Gj^ll ^jL-a^jVI (JaC-L-g tg_i3 ^^Vlll (jLgJ ^1 AjS^UI 
d]j aLsIIg ^jL^-gII ^j-g oil .ajLLII ajjjLII jI^aII acILII CjLj^LMI ^aI 

A x^ix^iA’^ll ^^.l_j-LI 0^ ^ ^ <g!I jlill i> _ 5 -L. j cLa ^j!>Lg cs^* CjIaiiLlII 

• 7_3 c 


. 14 - 6 ’- 7 lj^j (_j-al ^LII ^>lil aLUII AjV^.^qII Cj\i ulill Ajj>*ijL ' lit Ji (j-al ^LII Clljlij 
(jAj ^ xxijL u x>ll .LjIoiII ^1] LLjjujI ^jl Aia^All ^aI^LII ^g ac^iLg ac.^a^-g! 

ji A_jjaulaix-G AjjLIgII CjL±L 1I l^-i3 C5^ AaLc-VI Ajuijliiit .oil AjAjA^JI CjIaiLII 


^ ^lll ^^3 l~i\ Jfll ^LuA^U o^jLI jAl jLlI ^>lil (_^A^jj .AjjjuLaLg ^)j C . J A j^nL'^ <g 

a-gjIILL ^_aj^)*_a 1I ^Lj^ill ^ xxijL ix.^gII ^J^xaaII ^^a aLLII ciAi^cll ^j-G ^iLVI 
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S^ajlLallj .((Giant Magnetic Resistance (GMR) ” X 2iXoxJI Ajjoakii-all 

CljLo^laXQ ^3 AjjLj^I SjIaII AajULa ^3 (Jx*a*\j J)*M1 AJl^LaxJI AjxxtjJa \» .all 

lAA ^ \>“n j .I gj'c . H xtjJa'aa a Co/Cu — H (JilS cl)- 0 ^ \}» a 

jl j!1a _jjC. <—- i fllilaj-alj c. AjxxijJa'ax a! 1 ClaliiLall jl ^3 ClA^Uxill ^^3 (J ^xIaSI 

JL*. 3^=4 j iH = 0 uj^ l^^c. Jijla) (Antiparallel) 

AjJj^a cLajljJ- 0 lii-iSaj-sai 1 g j3 A kj )J-i lar a 11 ^jjxll <> (l (J? ^ xxij3a‘i» a 

Cljllniaiili Ja -la^xJl ^Ac. 6^)^Llall oAa . AjjIj^^II AajULaII ^3 ^)jj£ (j.<ajWa 

. ClAjLnll Jjdl AjL-all i. t n^il j^l\ ^j-sal^l ^jLuia ^^3 LAL^. AAaxJjoia ^ Aj i A *^aa11 AajUlAI 


tdalaJall oJ-IxIaII SjIaII CliljjJj^lVl AilA£ ^ Ajjjjli dll jjxAI l^>Iaj J 

jA-a Uc. j,^x<\\ a^j L5 ic. j t(Bragg reflectors) djlu£3. l^U*iJ j£aj 

(J ^la t, Qjljj J^aj cA^.jJJa 31 <liLall ^jlj^Jl ^jj.A 1 3a u^a^ . 29 a jn^ill Axjoi^U Aj^jj-^j 

L <a»AVi jl c > i^kj3 AjjLiIaII diliiSail ^ Ra« ^a31 IaI .A3Aj (_ja£x1a 31 ^IxdVl A^.^a 

a*jLuj dj^c. ^lAl Mo/Si AajA^aSI jI^aII cilia aIIa! Jaj dAjjjj£lj Ail!i£ 

• 3 ^liM l j . ^ 1 


^1x3 .^1^}J dll_uj£lx£ 1 ksi)\ 4\\Ax a 11 ^iC. dlllilall oJ-IxiaII jI^aII dllAxlujlj 

aJIxII aaujI^xjVI dilj GaAs/ AlAs s^jIxIaII a 3 ^ 3a 11 ^iJl (.“iIax'uA ^JUIa!! J^fuj 

jl.x^il dLylAlxA dlli o^-IxIa Aj^aj] jJ CliLiiLa i'sVil j . 6 a jU^all aIL^JI dal q^3a ^3 tjl^)A 
(Jjc.l_a.Aj (. qx^a'Vi j t<jj^31 g.l^)A"»>Sl c" AjtJuVl jl A j^k xxiq'nll 3^ A*dVl A q\"A a 

,24’25^^^a]| _^3V1 cO-Ixja AdjjJa 


Structural material 


j! 3.2.8 


dallniaj a^iiA 1 g '» 7 k j Ai^. tiljLaiJ AjiJall Aj^jUII C 1 jLj£^)a 11 c_L-aJj 

dalliLall o^^xjaII jI^aII Ja J£ ajLai3 ^3 o^ij^ 0 jljJ) ^3 .12*29,30 ^ ^^Uall 

Ja J 3 I A^j^JaII <llLall cJ (J^aS^J LaAjc. Ajv^x aSI j Aj^jaI^Iau]! 

(Jjj Lgj 3 ^1 x^aVaVl jAa (JjC-laA J)C. AjI (^Ic. AaIc. Aij^)iaj tiUj ^g_3 J^aJj . 100 nm 


(_£ j3 ^.jjoij daLliLall Aj j_ja CIj^LaLxa (Jij o^jj^SI 3jl . ClalAjxxi^kll ^ jJaxxi 
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A_jl Ajjj^j A_i. j ^3 HjIc. (Ja*j ^j\ J^aj A_ud£lx_A 

Jia. CjLi^iLall XiC. ^^uall (3al Jill Jj cAAlikA (J-L-al j3 Cllli ClltkiUl ja Clul£ 

A_alikA Aj^j^L ^_ij dj|j djl^lLall (j-J^ .^L^aaiV! A^^)a. £-1 aJ (jl j£-gj ® 

3^ Jjl ^JLqj)3o Ta (jljjLal! c^W'l^o'l V -^3 C ^al A j^Uall ClA JiIaII La_i 3 (3^1 Jj A^qj jl£l 

.djU^iLill y&. CjLqI x^ViVl JUftti jL^uaij ^jjjkaijlo 


djlliia]l AYOxaII AjjoiC-VI ‘LqjIIa Clljljjl cojLu^II J] AiLiJaV^J 

AjuJ3^a]| Cll/Ni 11 dlii±Ia <jl Ja^.^1 40 J^VI (ji j Yj^lj «l JiA^U 

• fatigue time 3U2 i_j*j1I j^e. ojjjS ojlij J] (_>“Ujil <j-« 04*-^ cs^c- Lu4j^ 
Aj^)la AjJ_i1a (Ja AAIJaIIj A3j) CllLllIall a J^xiaII Aj^)-<u]^ 2! jl ^jaII dlijlj 

Ajjju jl yA J 111 Aj^>*_a 1 g la *s Lo I ^A j t ^jjoi^II A_a jHa ^3 a jt_J J ^)*xi^ll aLI- 3 (_£ j 

, 24 ’ 25 lJuLuj 


AjjjLISI JfcLuiVl j ia jjtkll uL £ ja 3.8 
Nanofilamentary and nanowire composites 


Aijft woa (Ja Ajj^aII AjJiUll CA_£ja1I (Ja JjC. jVI (JisLii t a ^juj 

(_£ ^iLill ^ J-aj^ll L_1^^a11j (JjVI ^^^-ajoj *^1 . A Ja^ia. (Ja Uili l^^la 

AjllLo Cili jI j-o ^-UiV a^JI*_a ojlc. 3 -wujujj jA j t Nanofilamentary 

A3 j^a^a AjIj L_Lk-ajj La L21x 3 ^jUllI ^^ill LaI .(_£^)^1 (_J-al^a. L r^W > LS^I ^ ^ ^Ja 
.Compliant matrix A^jUa-o Aijix^o Cy^ UjIjj^£ AjuJs^g 
cil^Loi^U A,\k\]^i ^11 ^gajl qc. jc. La^U ^LqjaVI 


. Aj^ilil! 


Nanofilamentary composites AakpJI 3j$iUll CjUSjaH 1.3.8 

A a A3 jk>.s-iA yA Aj^£-o 1£!>LujI A-iladaJl Aj^jLill C1 jIj£^)a]I jliicl (j^-<^ 

AjjIjj aSlIIja yA Is^liajl 0JJJ . 2 ^^Ailaj«a-a]l A jV^.aII Jaj)j*sll J-o \_lj\j JajJojj 

A^JUa j\ L-I^joiII (J^ C y* AjuLUI A jv^x a\\ £_iix-£ali]l 3^^^^ (£ 

J i n Jjj v^ix.a yA ^jl ^all t alljj t A_aIx. A . 3j)"^ o^aII 
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II La jl Arfo'quul djl-A^iaiAll ^)J^lj . L-lix-all ^a-ui^JI (J^LajI A_iLt3 j)A 

^^3 dal^dc. SaLc- Nb IS A_iA^aJI Aj^aSI Ajjaiill L^_i3 (_£jLujj ^Ull Cu/Nb 

% 

i_}f\ ;:;\ SaLc. 1 ^JJ (jjjjiall dal a a^j uYI ^>>Vi <. ^ jjLiSI l_i£^a 1I liljj a_ixjj .AdoSI 
lg_i3 ^saiajj A jLijY Aj j^jSLia A_i1j (jj^^lil ULa^laJ j Ij^k am t (JIjaII (JjXuj ^.Sc- c (jAdad Aj^Aa. 
Jaj^rvll <jl ^a j . CjI j!1a jjlill daljdc. ^1 < Cu/Nb SI aJU. cNb SI ^!)LjjjI jUa3l 

A_jj^ j)A ^A j A_iC.L3l 1 g ud (jl V] 4 La ^aC. Ia^. Alania d u*ijS Ada^laSI aA^J A VYaSI 

^jUaSl dllA \£%J ^Jaxj (jl (j^AJ AjSax SI &AA (jl ^11 l^)Iajj .SaLc. 10^ 10^ 

(jj^laliSI (jA Aj^- 0 S-*-a t^S!>Luj| aAC- ^ada ^jLoiSI (jA ^ U^»l A£S ^Aa. a^)J« ks - i 

.3 5 ’ 36 4^JIj 

AaJI (jA Aj 3^°) Ajuj AjjjUll A-iSadJI C1 jIj£^)aSI L QxrfoVa La LjSIc. j 

^da. A_ladadA ^j-ajL-aaJI aAA .aJLjJI AjjLj^^SI A-ilsldSI jjC. ^Ida3 c^(_£^)laiSI 

(jjla Ym^k ^ jJJjdSI u^ij ( Cu/Nb SI dSLa ^ij AdaddiA ajl^a. dal_ajA 

* 

Ajdadll -Sajli-oll ^^3 daldiA Aj^jLil! CIjL^^aSI aAA (J-A*dujj ;A_ix-aLaJI aAA L_D-uiJj .A-iisldSI 

. 37 (j jill Jqa.ll dal A 


Nanowire composites CjL £ j-a 2.3.8 

l^ilj Aj^jldll til^LujVI <n <a^Ti ;ldj| 1 a 1 Ajjajall Aj^jlill daLaS^oU li^Lk 

A 

(jj|^)la dl^^la A3 j . ^g-Aj)A^SI ^jLx-sxaJVI J^C-LiaJ SaLc. jj^Sd t^S^Luj dll A A_idiSaj Al ^a 
c_aS\jj ^lill C1 iIj£^a 1I ^-Idjl (j^vsj LajS j . 39 Aj^jU! til!)LjujVI ClaUjij-a ‘Lc. 

^jj-a A^j^)! 3 ^Ljj^SI £JjJa jjl! ^ u^»l ^3 tl^_lAjJa A_ilaj^aA Aj^jli l^S!>LujIj Aij^^iA (jA 
J-btliA (jA Aj^jlj CjLaIuia jj £.LaC. AAj^iaSI o^A ^ 19,40.41 a_^aAVI ^LjLc. ^^3 

^JLa jJaj Jj c-LjoiiJI (jiajj*IL ciAaLaaI! (j^j^S (_^j^jj .(Polycarbonate) CjLjjjj^SI 

% 5= # 

u/i da! 3 CIjLaLjjia (jj^£j oIaaSI j}A cAij^JaSI oA^jj . AjA*j c > iVn Ajj^j 1^)^ 
c^Lj^ll ^-jjJajiill (Jj3 j . dal jlA^jlill dal^uic. lAjUaSl Ajjj V c." "o^i& A_iC.\j 

^ic. t <d^jju3>Slj ^-AASI (J^ (j -0 (jA AAiS^) AAila ^JjJajj (_£ 

# •* « 

. AjjIjaj^^-^ A jS*n ^3 LilaS dlsLlSI AdilaSI oAA 3-^duiaj .^.LaixSI ^ g ~n j A^.1 (_g-Sc. c^S-LaSI 

s-* f 

Aj^jlj cil!>Ljuj| Adid-a jj^liS Ajtda^ASI ojLaSIj idlALaiASI ^Laj c^^jIj^^JI c-^l-SaSI ^.Lijl ^3 j 

^0^1 - " 1 FeCo ^I^LujV o j ; » -^i 5.8 (J5-uill ^ujj ^kl ^ 

. 4l «LliJI AiijJall si^j Ig^Ajj] a«j (Scanning Electron Microscope) ( _ s jjjji]'Vl 
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^jjjSWI ^-uiaII jjy A LjLj^S Ajtlsa ja FeCo Aj^jU ‘ifctuii Sjj-^ 5.8 JS-LII 

.(LIS tifcLuVI L^luaS^I (jjl\ dUjjjill Sj-IajaII Ai ija^aII dLJI) 
(J^IaaII (jA dal 3)3 x.o ^ja Aj^jL ci£)Lui! daL£^>A ^Ljj (j£aj tAL^)la]l &A& ^LjL 

o A i^aaII daLiiLill Aid! ^ja j ^ ^ da^L-a^All c flL-ajl j A^aLII dal ^Ail^II j iaJ^LdJI j 

daLLnJI ^jj^dj JajLuj^ A^Joj-haII dAdUIl ^9 daLj^)j£lVI ^jl.^x^ij (J^LLa daLaj)]dLll 

• A \i L' < Ll \9 -*\l l 


Nanoparticulate composites Aa£ j*l) AjjjUI) cj Uu ^ vH 4.8 

J£d ^gJc. Ajx u^ill Nanoparticulate AjjjLII daLujai^JI AjJjJj £_L^a 

A jV^a a dal,Ajxj.i-N qa jI^aII gAA ^j^£lia .^ ,4 ^^^jdx]l daljn* u*i Ajv^ar a dal na*s 

A_LL ^jjC- A <. "a j\ A )^)aI^j- 1 uj jl A_ij.1xa Ai ^d^aA ^^9 A_iAjJaA Aj^jL daLujlda dal 3 

lA^)JjJaJ i$ _jy- dalAj))Vi < all ^1 ^jlj ^9 ^)l_adjl t^-llAj .^I^jIa^U 

. A^JIaaII ^jl^)Ia ^ja ^ jd ^Ic. ^ j))a a a ^lill^ t Ia jjL-diliujl j 

Synthesis and processing j jAVil t 1.4.8 

^ s 

AjjadVI A_aJLtA Jjjl^la d a L» ~Ui.il 6(_£^}dV! Aj^jLII daL£^)A]| jl ^a _j! ^I c. 

* * O'f / * . . 

Ia jaC. AjiV^ ^JjIaa diddl j .AjjjLII dal a un^ll daL£^)A ^Ljl l^)jj£ a£j9_^J1 
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^Ic. 4 jl ^3 nib ^j^^LoiLoV 3 ° 3 ^_J ^Lu-JlS 3 ^ 3 *^ ^u^ijjIIj 

% * 

<alalA]l (_£3 ^3j3^V^ 11A3I ~N a aJojaI^J CllLaiu]l 6.8 (J^jaII U^ . (JIIIa]! 

JSi SjLJI Aib£ c1ajI£ IaK) (Bright field transmission electron micrographs) a \u>ia' 1 
Qj5L 4 Ajja^-^H aAA ^^3 Ni/Si0 2 AjjoiC-V (Ic-jj-saj 3^ Clul£ 

S_j3^ Ajjl^l Aj^jlj CIjLaJjA^. AbiA ^^Ic- (j ^J^Xa]I IaI 4 'Jjly'lA ^iC" C*\ja1^.1jaI1 

Lo-llc. (Ji^j Ajjc. Ajja^VI 6 1a ^2 ^j^x-oll ^^3 (J£ja dlllj 

h^ij t^ic-l L-jjoij «^C'j .aIaII 60 j 50 3 ^ aja'n^'I ajjIaII a 3 *^ ^u/il 

^)jj\j (JLklill . A h«oq ia ClA aJja'n ^Ic- ^jj£j 2 4 Jal 4. u>ii Ale. IaI 4AJajl^jjA A5 Hti 

^JaLcdl ^3 Ig 4_fljjoi 3^1 SjIa]I ^aj\ >.s-i~\ 


Nl35-(Al203)65 


Ni60-(Al2O3)40 


NiftO(Al203)lQ 


Aaj^xa Ni/Si0 2 AaaaC'V aIlu^aII Alkloil (j i llilll >4 jjAa 6.8 Ji-uJI 

.(Elsevier Science B.V Ai 2 l>» ±u 29 c>) ^jbk 

* 

3° Ajj£a A3 j^^ia (J£ja ^gic. L_1 ^^)a ^_ljJajj] (JaxIiujI 

si* ^ CjJ j^£JI . 9 - 18 - 29 - 40 ( j1j jjL 3° AjjiJJ dj\ aJja'N (3^^ S-LaC- 

aJ 4 > ^ic. ^.^Lial! » 3..^**^ Ajoijl Via Aj^jlj CIiLaJja^. ^ic. 

.aJj^U 3j.W a (Jlj CIiLAaC- ^3 «>5Vn A_^bj3j^j.lAA Aj3j 3^. AliLa 3 ]jj ^)-a^)2 (J^-'j 

£*Uaj lg_^jllij CIiIaxjjaIj 4 CIjLaAja^- 1] Cli' V 3 xa A 33 j 

^j^AJ 4Clul^)^]| ^3 CIiIaU^'I 3^3 .A1 2 0 3 H 44 A t 1auoI £JjJajJ <* 3^ 

. AjA~N^kH CIjLgJja^JI Ajjaj j L_l)aa]l jtjjJ (J^xa j J)\-A ^_g3 A33 j 

ji 

CIjLaJjol^. C1jIj£^)a o3j3^, A^JIxa 3j! jL 4*aj ; iikVI AjjVI 

.^^Ijj 3^ 0_^3^ ^3] 3^' ^jA^* n_j cs^" 

A^L^. 3 ^ Ajjl^pJl Aj^)ixillj 3J cilll 3 jW' 3 ^-^j 
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x> dljjL (j-o 4 _j^£a ^cjLill ^jjfLiS .<ljLai]l aJL^JI (_ja ^joiLiaII 

CIjLgJjoi^J IjjI j laMAVa (_£^kl AiLa^Ja ^GjJajjj .S^^iiiA ^pt- A\ v’a* a A3 ^daA 

cIiL^ujoi^. ^^aj dlauVI Aj!£>1j A-a^jli FePt /Fe 3 0 4 dLo jIv^a (Ja^ILaI ^HaII 

4<jj jj-all Jjjs ^t ^ aVIj Aj^jUll Fe 3 0 4 j FePt II (jLui £a 

cilia! Aa^)g ~n a l^jjj^a 7.8 (JSaI’iII (jjjj Asi-dLa jl (jLai^JI ^)j A fn ^lal31l 

^liill dJaiLal! dU jkloll 


II (J^ C y* ^ J^J^I ^jj-tj Aa^Ii d lLa£^)A ^ n^il Ac.^I 1 a A^JIxa J^jl^la d^j^la ^3 j 

A^Lus^i I ^1 jaII dlinlaJ LiiajIVI 4_aj£al .liJ^^II dl-AJjA^. I^_i3 d'A»“u*il Al20 3 /SiC 
(_£.la.lkjd ^3j)*\ **ia <_ja 0 J^a (Jat^l (jj^ ** 1<Q 4-^-li*- 0 AxjLaII Jjj|^)lall L_lllajjj 

6 A \)yx II c. d_Jj jl L$J k ^ lC ’ -ia-^J (j-^da dl^)£llj Ldl VIa Aa^xIII 

* # i s 

dLaja x«oII ^paxJ l^)Iajj . ^jL^JI Jaidallj ciilj (_£^}^.l S&j c^^jlill c_i£^)a]| .iL-da 

(j-GjJajj j ^jl^)Ja iS _jy clgTad j dal Ajm^vll tJj^La (J£1 _uia qC. ^y Vi ^lill 

<j^Liuj^j^)£ll ^UaJ .^Qj^UI ^g-ic. j'Wi 4_iljl ^ajI^j SjLgI ^^I^^JI ciljSqMI Ul^a.1 
^jjj^il IjjIj^. ^tlajJI Ji*-G Id-Gjll ^gJc. (Polycarbosilane) iiadall 

. ^_flj£lall ^\j La£^A ^ iax!al I^L^. 1 )->» ^ Jj^LuiaII d3& J-i» ^aJ .Aj^jlj SiC d\ aJj.u'n 

> * t * 

^1a j | ^-g c** alAx'ntil ^3 .Sol gel (Jj)l*\ aII <aj^la Ldjl c* a u^Vi^^il j 

* # 

'SiC dLoA u i^ LS ic. dulL ^1 lliA jl^U I jjj^a-G (Boehmite) cIiia^jjJI 


49,50, 


t^joJI j djidill .SiC ^ ^ (jj^aLudll dli^j^}£ Jc. ^jIUI j^*I1a1I ^jj1uj!>LiuJI 2_a 

. ^jl^-ll -laxjJallj aaiaII 


^ ^LgIaVI (j-o I I j^3 dl^ul jJI ^gJc. Adlill Ajjjllll dU£^All d3^j 

djl£ tAjjLdll 4_i^.lill ^j-G j .o^dVI ^jjVI ^ ^11 j ^^A-ajldVI -^1 j-^l dllniaj 

qjq t4_dla 4_i]l_k-alx^a dlj'Ox a (JLg*Jjoj\j A Vi a a II A^LdVI Aj^jLill dlj^^All 

. 5:i 4_ iaa! j! j-gII cilia jjSI c(Hectorite) duj jlSjg I I j (Montmorilonite) cidjlaj^Ali j-oll 
£-g aia II (JL-alx-all ^Jyy ^jjIaI^I dlSjLa Ajlila 4_ilL-aL«a il^-G jj^V) 

1_^_^.^aj jl c^ajI^II £-g ^iiJall (JL-aL-all 'e>^)\ g ksi ^-^aj S^aL 4 j\aC. cill^ dllaj t^A^j^A 

dlj Aj^jlill dU£^)All ^ja ^>^.VI ^ ^11 j . dl±jAAll diiajl * a L_jjldA j} 

1 g \f \ otn (_£^)y l£j!_>^I c^lj uti^Lill ^A AjjLdll 4 _iaAVI 
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AjjUj AjjjU 4 j «j. .i-s CjLajiaiai ^ Jlii y a 7.8 JiuiJI 
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Fe 3 0 4 (4 nm)-Fe 58 Pt 4 2 (4 nm) (i) 

Fe 3 0 4 (8 nm)-Fe 58 Pt 4 2 (4 nm) *LajIai* (i_j) 


>il4l Aialj-a >ixj 46 ^j-41 <_>) .Fe 3 0 4 (12 nm)-Fe 58 Pt 42 (4 nm) (Cj) 

4 „jUl v) aH j 4_uLj^£i) (JOjLuOx!) 2.4.8 

Electrical and magnetic properties 

(j,tajLx«ad]l <_ja <C.^I1a <£■ ja^ a) aII CllLm^Jl A-idc-l dld-ajl 

LaAIc. 4 <]L^J1 J] (JlfljjVI tLLLuj alj^^A La] la3 jj .^CaS^LSI 4-lx>uia^x A II j 

Uxali j ^jAxa]I ^LujC. (j j5L) LaAjc.j . %60 j 50 La 4_1a^l^JI ^jAxa]| 4_Xuij 

l_i£^)a]I ^ h^ij 6^4_Lajl^)lA a£j-uj (J£joi .Vin«\ <jAxa]| Adljj (JWM1 AJic. l-° ^JL^. ^3 

f. & i * * 

diLm^. J£joi ^JAxaII AdljJ (J'Vi'l <jjc. did] QjfL LaAjc. LaI !)L-a^A 

yA l_jjI^)a oAc. jl.VqA) 4j\x^^a]1 I jjxj (jj y,\ .UjLjj^£ V jlc. ^ u*oj3 4 jaL^.I 

,4_iiikii]i ^l^]| ^Jj (jiidVh 

^]*->xa A jLo! c^lL^n L-Ajjuj y ^jLi]l L_i£^a] 1 (jls 4 -A J-a tar a\1 ^LjIs <jAxa] 1 <jl£ I aIj 

A’\ Ua 1 QJ^ LaJUC. J . (J\ V)\l <jjC. (_3_3^ 4 Ja^*\] 1 Alild La-I^C. A 3-at jr a\ 1 <Ll^]l j!^a]| 

# & 

<lLalA ^Ua y* yu^\ Ay),*)* a 11 dlLiil^JI djLuilLo j i (JlViH <JJC. (jjA 4 ja^^H 

Jj ^Ajj q\ <!«-* ^Iki* CjLuj a i^ <c. j a >a' c jLoj i equilibrium domain size <jjl ja5I 

4JL)Lax]| 4 ) x j.) )J-iLixa]1 <La jULa]! ^A ^)A I ^la]| c£l\*l y A^J j . A j.W ^ mjJV'iXA A ^Luj 

y±A (jAalidjl ^\Vn A jnijlViat a 11 dal *s dill L&Lialj A\'\\ <ELaa1I 

lAA ^Jal A3j .&aLa]I ^ic. ^_^.^)Lk ^^joliLiIxa ^iiLaj jIIaII ^3 

La] las j CL-Lui^i <jiiLa]l AaI^Lj (jyA V ^3^Lax]I ^ j a xij J-a*tx a!1 ^LqjLsa]! ^jl L_flLujj£VI 
• LiJojI Aj^jLil! A^aJja^JI ^jj]l Clj|j jIjaJI ^ L^jJaJ^^J Jj t M")X) 


Structural materials 


AujIul?^) 3.4.8 


^3 ^jAjJaA ^j\j L)A CIiLaJjoi^J (J^aj t A-a.^aII ^3 ^jjd3^j Ia] ls3 j 

ci]]jj ^jaII A >.s-x\\ ^^3 AaU dal n*j,iVi (jl ^ aj^fn l_i£^)a 
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cdal nxaViSI da^Ajd 33 j . ^jl^ll (_j-q \j ud S^jJu-a 4 4_ixd (Jdxdulj 

57 Si 3 N 4 /TiN —SI j U\jj«£ AjL±jA 9,10 Ni/Al 2 O3 —SI ^ tJUJI 

Aj^)*-q 3l jdl &3A dal n^iVi'l dllj dil*^. J . IdLixu^ S^djV! 4ilid 4juda jdl 

JsjWa tjl-^l iAl 2 0 3 /SiC SI l!^ o-° AjjjU C \,&ja dad j .dalj diU!>Ua 

Aj^jLiSI daL^^-oll (J-axjjojjj q^J)SI j ^.I^jjaVI jtLa d-illnld dal aj^iVa 

UIaC. tAj^jUSI L_LlAjlj (_£ jLall ^^AlUl Jddj^all ^^ic. ddllSI jJl 

L_lic.j ^Adl-lll Jjl^dVI ^3 <SjoiLoi 4_JaC.l£ dal^daill £_la3 ^ u^i 

, 55 U jJI 

Summary daiLiJI 5.8 

# * 

^JA LilSa ^)g, A* a ^1 AjjjliSI dll^^All QA <X_ujlj <C ' JA^>A iS 

Jjj|^)la da_j^ia 333 .AdlAlSI 4_id3ll ^ja odLoSI j Aj 3^UI AdL-dVIj A_iAila^]l ^ajlx^i^SI 

L QjSjaSI ^ja Ia^)j3j (jdd ^1 Aj^_^-aSI ^_nSI ^3 1 3^. (J^i33ll ^Vall ^ja (jdd 4_dlx-Q 

= > # 

lJd 6<JjjU dlU£^>-a o3C. ^Jt3 33 j . (j-dL-sadll c*\\M Jjj33SI 

(^j-A Sdli jj£I ^A ^1 cdU jidJI ^ja I^jjj^ (jl (J-°l 4_d J datlnld 

. l_jj^) 3]I J^ijjaiAll ^3 4_^.ldo (jj^j d a^uj AdlAllI 4_idj]| 
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( jl \ Ajjj£^aS) c1)Luj11a]| CjIjjIuijjIjj 

AjjjIHI CjLujUaII clil jjIujjjI jj 

Advances in Microelectronics-From 
Microscale to Nanoscale Devices 

^ ^ jj <jli (jIa 

. c Lja! LjjLsJ«u4jj A * ^ ^ A * “ 1| * < -<3 


Introduction 


1.9 


4 a 'S“4t 2j us. 4_i jjSj. dl OLujJliiyi f'ljjg 7~"' dlj_jjaJ 

C_flL^ajl 4 r-1 w ^3 4 s,\\ a ^2 1 dll J .jldijjl j2l jlxjl ~ (jl£j . £ I JlV I j 

<U£i<J ;dl jl 21 ^yct 4 j. II Ti ^ A i •*. I (j-o 4j;* d ^fLo Lo I 2*, j i I dAL^i c-21 

dll J ^Ld]l 2l~i dlJjl 33 j . L^ill J yl , .; J)jl ^)J AiUiS ^ AjI J)!i]l 0 2 -V ^ I ^3 VI 1 1 ». '|J l-i ^ 

idll j jJjoi^ jlill ^ 4-llliJI 4jl _jJI dlLuilLa (_5 jldj ,4_)jda_jjlj jlxjl dlli dlLALs ( _ S JI 

18 nm < _ s -ll jj^alaii <_a_^ j <50 nm j '' j 4 x.^>jjJI <Jl*JI 4 UK'dll diljUl ^ ‘ilaaiLu.balt 
fit ^ ddjj ^l djUljjil la3j <2016 9 nm Jjj <2010 fit Jjla-i 

International Technology ) ~d£L^>j^]l Ajlall 2J j2l J^jUl 4-1= jlA ^ 2003 


* * Jan Van der Spiegel, Department of Electrical and Systems Engineering, 
University of Pennsylvania Philadelphia, PA. 
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CjIa Cal jjlujjjl jj] aJj! aIaj ciixl L a a$j .Roadmap of Semiconductors (ITRS) 
3-0 <allk-Q ^ CjL^jI c 3 jy’A a ^ 15 nm J) Ia j« Jj^sj cIiLujILoj ciAjI jj 


juaC. ClllkJ A3 Ajj^SjaII CljLij I Ac-1 u^i 0-°J 

^jjc. CIjLia^j dal j £_L-iaj tAj^jUl 


(3-o oA^lj ClL^L-a^ 5 ^ L_flL-ajl AcAu^ dj^^la A3j 
t dil j jIuj^ ja 5I djLajlLo Vi 4 _iujL 3^! A^llijVI ^iljAll ciijl£j .Aj^jouII Ij^Iaj 

lAA 3 ^ &3^ 3ij£J J . Aqjlaj (J£l <al£31 j tl^_i3 (JjAiill A^-^uj SaIj3j 

^ 2002 ^Ic- ^ 3 ^ CjI jjloijjl jjII aac. 3 I ^£3 3 ^ 3 ^^ 3-0 t 

3 ^ 33 ^ CjLi^. jac. 3jI_^j Iaa^. j DRAMs AjSjaIjj^ 3 ^ ^2ixJI Aliill c1iI^)£!a 

.^dA^Ij 3 ^ A_i^. _j 3^3^ 3 100 3^oJ AjI ciilA 3] .Ij^Iuj 


CjLu j3^W1 Jv^uxia 3 Lijaojj l^)jA Ajj_jS)a 11 C^ljjl^Jpljill (_£Ajj c3j-ujj 

(CMOS (^^ajjoiII cijl jiluj3j^ 3^) ^ 33 $ * -oil ajj^^iaII c!jI _j 3 ^^ ^**^3 a Aiis .aj^I^ 

t AjjlfVud CIiUI^a] CjIa j Ia^. A j CjIJa j CIAajJ-Via jj^Ja 3) Cl3 j cAj^^ A vktt 
.IgJ Lj.W a !}\jAj ^ uAi A ajAx'1 I^jjAAa (^.wT) 3 ^ AjI^j 3 3^ j 

5= s ■* 

£.Li2 o3^_J Ia^Ijoc-Ij Ajj^)Sja 1' Clip jJ&lV! J ^^^AJjalll Ajliij 1 x>ijl (J-oxluij L_S JjoIJ 


3 ^j (_£j 3 ? 3 I a» fn^l 3a (_>o2 ^ . a3j5j-uia]I ciaLij ^3 ^!^ c!jLqj)A \a 

CIiIa ClaLajh^A j ^.^judj 3] Ajjj^ AilSiSlj AjjjSja'I Claljlij]! j CIjI jjli 

CIjI lW 3 3 -0 6A : ‘nwll Aj^^ CjI j Q^\* ."o^i& CIjUI^aJ 

1 g'\j V 1 i>> ' C y* c(JI^a 1I cJ^f^ ^5^" 3 jjjS 1I L_iijljVI 


k\ 1 Ag A I^JJ} ^AJjOill Ch\ 3^3^^ -P CIjIj^ J.Kaj (J-aC. ^3 ^XJ \ 31 .O^JgX a\1 Qji J^lxA\ 


CIjI j3LojJp' ^ 


. Ajj^)Sja\ 1 (^jjAjxAili dj\ j jJj^3^^ CIjLujjLujI (_33^ (Jj-aal! IaA c flAA 3^ 

c^ilj j cIjLujIaa]! 1 ~n \ ^j)g ^aj c (^ja^ajjoiII dji ^3^3 ^^ A_iij 3^1^ 1 
J tAjjj^ L>“ _>o^2^ dal J3L-3I Jn CIjIjjx x^i'l ^jAa^xLaij l_a ^juj j 

.SAjA^. Aj^I^ (JJJ^-O-luJ CIjI jJ-^3^^ --P J C5^ LS^ 0 
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dUjjjaihn AjUjj CjljjAujjljJ AaAijlj I jal 2.9 

Brief history of microlectronic devices and technology 

W. Shockley J W. Brattain jjj J. Bardeen (jd jLj £_l jl^.1 

A^.1 t(Jj dl^jn'NA IaC- £.ljjl ^3 cl 947 ^Ic- A_ifLa£]l ^jUdll j jIuj^jI jjU 

(jl £&> j]l jg h ,, l Ajj^)5Lia]I dLijjjJ^lL/l 6^)jJ C‘ Mar.'S ^Illl A_luiiJ^)]| ^llx-<JI 
0^)1'^ A 11 S.}Ia]I (jjSjhall Urf'll Ia ^jlc>^)jul3 C^jJjIa^^JI 0 jl_A ^JA ^ (Jjl 

^3 A^. jJ Ail L*]]j dLdj .©^)^I2I AdU.1 SjLa (J^juo ^ic. AIjaTi aJ auaa 

ciil^ aJjaI ^ja jj dl-illall LgJI-AXJjajI J^AJ A-lllc. (jjSjhj.) .^UaSI AiLlLa (jjSjhall 

^3 AjjoUJ_j]I dl j)Li*sll ^lill AjdL/l ^ u^ij ^ j) La* a II (JjaVi j ^AjI ^ 21 Aiu^l 

.a1aI£1o1I ^ jjII dl^ta 

^lauV) ^'1 ^**ia\ 1 £d-dll ojjjAau ^4 jikl C5^ La ^ ^Ldll LaI 

l^jLojI Sjjj^I oAfc JIjj Vj .Fairchild Semiconductor a£j^1 (j J planar process 
AaIoIa Aj.wM Si0 2 H L 5 ^ c . L 5 ^ *^Ja]I aIaIS'IaII dl^l^l! ^jU/n'l 

J^J! ^3 ^-iJa^A La] laa j t^jLxJI jhaml a 1 ^.^)a c-Lii! ^3 L^S^ld (j\ L_ljljjail] 

Aj^)ALa ^Jl l^laj A_l^.Li]l oAfe ^ja Ldjl ^j^La^^II ^Ic. ^ _^La (jj)S)hall *1.9 

.O^SJ-uiA Abud^l A Li lIa^joIJ ^ 1c. 

J. ^ }\f\ ^)£ijl La^JC. 1959 ^Ic- ^3 ^3 L5^Lill ^an^ll £-l_j!ikL/l LaI 

Fairchild a£ ^J l ^ja R. Noyce ‘Texas Instruments a£jj>a]I ^ tKilby 

^ tilli U^j -6^ lt^ ca1aI£1a 1I S jUI Semiconductor 

^3 Ai^^Ul dal nxj.iV^\l c.” i'iSa j .Aal3^)]l L>^ lt^" ^ x-q Ig Ix^jj coJACIa dl 
CjiPuA ^ aSII ^_nx-£ali]i (_ja ^-Lxuia] 1 ddll dl _j jdu^jl ^)j]| j jl ^a]I 

Aia aIaK'IaII dl^)l^]l Ajlflj laj 2.9 JSx-;,!! ^)-adL .oA^.1 J Aalij dl _j jdu^jl ^)!i]| 

. jjlojJjl Jj]| ^-Ijlkl 



. idljdll jLuuia! f UjI 1&Ij 3 ^jjdldl Alui£| ^1 ^ddl 1.9 J^]l 
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(Lucent Tech ^ v ^.aIi 


(INTEL) Jiil jA^I 

^J.’l JBaII 


tun 


ft 

It 

3" 


1950 


}960f 1970 

t CMOS Jl f-l jikl 
JjVl MOSFET Jl 

(1C) 


1980 


1990 


2000 


MEMS/NENS 


O'® 


2010 


Sw j=JI 




JUj 



CMOS 


x> 


. A tal £lall dljldl AjI£j jjiaj 2.9 JduJI 

Field dal jjdai jjl jj ^ u^» ^9 ^lVa jdl C 3 ^ X-Q Ad j 

Metal aijojI£V1 cL^L^j* l <al wVal Ajlij A-dUSI Effect Transistor FET 

l*dc. 1927 flc- Jl MOS jjlaijjl jjSI oj^ 3 .Oxide Semiconductor MOS 
Jc. j£-aj Ail V] t Jl>*aSI jj J jlkl jj Lilienfeld nljl 

jjall djldiiuj daLald MOS jjddpl Jill ^u/ii AjjjL<JI A ng all da\jj» >.st\\ 

jjS)L*i\l jjj nail JajoJI oJj^j AjjodjSI daljj* ^11 C a tad S$k . 

j jlujjjl jjSI ojj-o Lai . .\\kS^\ dalW djj tl^j djjiLall ^ jnll Jajaill daVI-^-j .^u*>SVl j 
c4_x_ Ix-sa dal jlad j» j iAlid ^JaLuiJ ^^g.9 AjJa^ll J\jjSI j jlujjjl jjSL ^jjlLo MOS 

diljljll Adac-^Loj cAj 3 j-duixa (_)d.J jld 

^-channel SUill jjloijjl jj A*_L^a MOS jjddpljj Jjl jl£j 

jl^dl (J!iaj »Aj^ AW tfl) da!>LaL^. qm Aj 3 jLilll (jj£li (^ill (PMOS 

(jSt CjiLoV' J] Sjiai. (NMOS 71-channel sljill jjioijjljj 

^3 L_ijiij]| <c.jjai j-o J^l A£.jjoij ^Sjdia dal j jJjujjjI jjSI O -0 ^j^SI I^A ^^3 djljjjj^VI 

Jj Sdi.1 j o jj£j ^Jc. (_>« jdjj (Jjjj-ojj jyj jLujjjl jjSI *L-H 

^adjll e jajq\\ jl .CMOS jl (Complementary) ^IjlLoII MOS — SI $• 

^.IjjI ^^3 A3lia ^SSg’uxi a V ^jj j ^ajjoiSI daljl jl ^)jj Aj^jIaa ^^^aJjoiIS 

■ Vi n*\ l^_i3 j ^ill ^liu-a c_jj^)jau]l _)ld g.\ V‘Vu*)lj ^^Lqj^x-q 1 g J S^jLujj j^^j Lodc.^ 

dal j jIuj jjl jj j3 jjj .^Ajjjljllj AjjjSj^SI jj^ dal jjloi Jpl jjSI x> ^ u^ij jl j^j) 
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1 g La I^Aj tLujoij AjjUal] (Jjl3 cilLl g "i k til £-a A-illc. (J-aC* Ac.^)juj S^jlVbll 

,^JaL<J| dlLiiijLaJ da <Lal£lAll dlljl^ll jUdll £jujI jll u^MI ^ SdLuJI Ajlaiill 

djIjldVIj Ajj^fdall ^1 j-aVI dlllnld] (JajCIuuS 4_nla£]l A_ijliii]! CIjI j jluj^jl Lai 

ALalS'bll dll ^)l .ill (J-al^!l]| Ail!i£ ^jl V] .^rj> >.s-x\\ AjJai^dallj <C.^ui]l A_i]Ltll A-iLLadll 

.A_LaldLall jj ^ aJjuJI dll^jb ^j-a I^jjj£ (Jsl A_iiLa£]l AjjIjj]| 

. j>^»\I Aajls dll _j jJ-uj^jl jfi ^ ^a Aa^.^UI ( x_lL-£ali]l dLlixa^J <_j-a ,ll.lxJI (_j£-a j 

dlljb J^Vl i 1 ^£1 dlliils^) (JLa*Ilujl £-a t djl ^ jLuj__)jl ^pll dlLujLLa Vi <_£j|j 

^^3 _j jLuj^jI ^ jjll 4. <ac-l x^i 1 iAjjJaLall A_1 uj ^jjxj^jVI (_£A<a ^ic - j . l-liiixj ^)!i£l A_Laldla 

(j-a J jl (jl£j . 3.9 (J^joJI ^uJa^-a jA LJ la3j tUj^j l^d 18 aSIS_^ 1 I 

LiliL j <jj^ ls - c '^ 1^1 j c Intel ^^jdll <j-a tG. Moor o^AUall oL& 

dl jUI Jj ^(Small scale integration SSI) J^l^ll bJai^ia <ial£la dil jb ^j-a <iU3 
(very large 1^ lW£^ aJUI dil jUI Jj 4 (medium scale MSI) A-Ll^jIaII 

dil jUI ^ jldj .(Ultra Large Scale ULSl) J-qI^I aSjUII diljUU 4scale VLSI) 
<_£j| La I^Aj 4 dll _j j!luj^)jl ^)j]| ^j-a (jJJ^Lal! dll^dc. (Jx^j La ^ic- A_ilL^JI A_Lal£!Lall 

.AiHi^j ^ic. ft^jjJaj-a dlLajl^ ix> Jo 



dluuj ,Jjj| AjjL^II CjdJlxdl ljULuII di& Jlaj) jj-a £j^j 13 3.9 J^uJI 

•ITRS03 2003 ^ ^ 2fcllffl jU dUSjall 

^jLnll ^ Wl<a\l C5^] A A^J^la cilliAj 

tiiL ^)_iatlj 4.9 (jSxxill .A_LaldLa]| dll^)l^ll ^ u^i ^3 (^JajCLuia]! ^_jia^x]| 
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j~\ n c** i .12 (jl 4 _Lqj 4_Loj (_^Aa ^Ac. dLuAiLall 

c & * * 

td^JJ oA^_J dLujULoll lAj C(j£joill ^2 Ul2j^ .Ij^Iiuj X 14—12 

^jLia] la2j ci -<ix - J lSJ^'j ^AjoAI diLujlLo dAA dl _j jjjuj^jl ^Jj AjI^iII ^2 

. <L&xlLuij MaC. LcLgj 4 g\”i^ ^ 




.51980 iia DRAM S j£|A]| Cn J-u j*-uj Joujjla 5.9 Jluili 

^YuAl'l CLjUISj (Jj^lVlj 4jjlii^}]| 6 jlj jj jIxjVI Vi 

£4J ^)Xjuj JajujjlLa 5.9 J5^l . Ij^Iuj X32 — 25 4-ilIaj A qKMl ^jialiVjl 

*^j •! 32 (_£jI_ujj LjaliVjl ^) DRAM (j-Q dull 

. dj^Li-a^A]l A. C-Lix-al ‘LgIa 4_x2lj S j 2 Cll2^U! ALjAll IAa (J!Lg 
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^ ^n ^pill (J-ol^xll IpLiJ 6.9 x'lill ^Jajj 

1 g ^j'N^k'i J^xjj )n^\l ^jia^C. Vi 1 n*n \ \*\aa X 14—12 n <al£lill 
djljl£!ij| X 19—7 j <^1] Z2 j c^ilaj J] lA — j 

L_J jL La jj (jJIaI! ( • » ,'•> V' o' S^liSj Sjliill (JLa-o ^ (_J^kl 


• AiKjll (j^i^ (j^ '/.50 qa 



Q 2SKH 1 



• 51980 iLa 4-jjLual) ilihaJU. alt 4frLui JJjj jjju 7.9 JLuJI 
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dll q ta3^.l j \ I A jjla 21 <al£j Clu^ailjj <joiij dl3^]l ^_9 j 

'I 29 2 ‘ ^5 21 <j^)3tA^a]l CIiL^JIjca]! <c-Ljj 33 ^)J 3Lj 3 jl ^j-o ^li]3 ^jJaa * j . 1 j2l 

. 7 . 9 (JLill ^^3 ^_k3al j L 2 1.33^ ; 


Basics of semiconductors 


Lil^i 3.9 


AlUaJl JjUaj Ajjjj t iu*aj 1.3.9 

Semiconductor Model and Energy Band Structure 

A 

• (Si) jjSjhJ j-o ajjjSjJI 4_ijjj£]VI CjIjUIj dljj^jjl Jill 4_nllc. £ 

* z * 

^jJLJI (Ge) ^ jdLa^^Jl j-a A >n^Vu djtiifLaSl d_il j jIuj jjl jj LLl^. 1 ^uA'i j 

j^ jdij L<J ^jj • lS jj*^ Jj-i^JI II- VI j III-V dAj^^all j-a LaA jjc.j (GaAs) 

£j|^)ll J^-a*_ll Laj djl^jlll o^A ^a. 1L ^9.8 (J^dill (_£^jj.l]l ^Jj.1^.11 

t fiL-ajI^ dJlill jl t^Gc Si II j-a Aj^y^lC- d_L-Lx-a^-a c 

4_u*aldj £jl^]| J^-a*_II ^3 djl^)31l t ^ As 11^ Ga II j-a d_L-Lx-a^-a 

djl^ji ^ .1^. jJ <jl jj^. ^ cA-i^jldll I^jI jl-La ^ djUjj&ll 4 ^ 4£ jid-a 
djljjjji]) c ^A'n j . dAjjjjfUJ 5 (_>a-ai_k]l j ^- axll djl ji ^gi j c dAjjjjfUJ 3 cdlliill j^-axll 
S^Lall ^gajl 4.31c. C5^] ^31 33l£3l d: ilijjifSlj l^jL 4_i^.^jldJI djl^!.!*]! 

. A _5 4jj \ LaJ^l i 

^3 .1^. . djjL-a^-all < al ks~i ll (_ya jl x-o-t 4jaiSl_La] Vl^-a jj)Sj\xxill 

jjdj J ^ ^ 9.9 (jSx'xill ^3 ^_da^-all l^3j 14 A^. La ^jjSjLxill 

ddl£ sl ^- j^I djlijjj£]V! ddl£ Lal£ j .S jill Sl^j J dj\j j^l^VI &La 

<aUa dlli ^jC. _jjiatMI ^j^-aJj .sl ^1L UaLjJ^jl (_5j3l ddl£j C ^>^1 Sj3 

IdA -^.J^ (jl (j^-<^ V tS^nSlI ^a\ xxi^VI ^allc. ^^3 * ^>11 (j-a (j>ijq'^l . j j_jj£1VI 

^alc. ^ £3 jS (_^31l jA Niels Bohr j&ji J>Lj jl£ .a n».* AiUa djLjlai-a ^ jjuj 
.Q uantized <-ala£jlLa l^jlsUa jl jl 4 n* ^ djljlda ^^Ic. Sjjj-saLa djLjjJ^lVI jU 1913 
.Aj_j 31I djLoilLall ^Iuj djLa jA'^ (_^L1I ^g-xaj^SII dldlSj^ll <x_nla jc. I JA j 
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cJL-flji I C- ^ aTij .V J IV J till SAaC-VI ^)Aualj ^jjAll JjAaJI f 8.9 J^uJj 

.IV Ge j Si ££L-aj^]| 


A 'NjVi oAA j ,A3Ua]l (_£ j!1uia (JjaAj iaii3 ^jl 9.9 (j-a 

J cKHJ cS-^ (Pauli’s exclusion principle) ^ jlJ Iaxq ^LiLij ^ 

^^lilL^. (J^3l^J La tJa^3 L_1 C.j! 1 ujJ jl ) A^Llall C1 Ajj!1uia 

j^sl£j iAfiLLa ClAjjjjoi-a 4 (jj3l£i]l Aa^ 3 ) A_i^^)LiJI Ai^Jall ^^3 .AfiLla 

<_ja IV ^a*_II CjI^aII LS^ ^ J^Ja'n j . 1 g "ia LijAll CIjIjjLiuia]! 

AsUall ^Ia^J <jj . jjSl^j ^Lj 4 _J 311 o AA i^yA (J£ ^3 A^. jj AjV j All (J j A^JI 

La] Ia3^ cSaLaI] A_ijj^j^]Vi A, }*n\] AaIa L-isl^C- ^Ic. (jLjj))a g-lx^a^Vi ^3 ^JjLj Iaia j 



353 










+ 0 



♦ 

420*11 


*iil: (Jr*J AjujV) .jjS.lL a ajil jjIAaJI ^ ^JLu JaLaj 9.9 JSiiJI 

(JA4J ^ AjbUall UjLjIula 3ajj .4 jajILJI Aijjall ^ jilSj LjUjjjSJI Ajuji -Uu .CiljjjjSWI 


. (Ajfcuiall iLiIuIaaII X-a 4 u ill *)"' o Cm nil CjLuiIAa^ JLu^I 



SjjIaa iLiljj Jjji i_j jSi jjj AjjjL AjL (jk (jjSlAjmII ^ j]a*n 3 l l 3 ^ J 3 0 ) 10.9 JSaj^I 

SjjIaaaA (jjS.iL Jl uiljJ djUuj jj J jUjjfl jjjUii JaJ jj ^Jjd ( i_j) . jilSj JsjIjjj Alajljia 

• Aa!j jatSj (jjjjSJI tP'>> jjj La JS JIajj . jalSjl! cjUjjjSJ) 


ajLa] dljj a^c. 4_i j£^i 4_ii jfLiLoi ajjL (J j^lii CAjm 

,x_ a. s->\j .a j aida j_d jl dll j ^Lill d-iida cl a j. jl_ill <jalaJ jj jjl (j cdl , .11 

* > 

Lg-iS S.ULl]l S.lpjul Aj^U. 1 d-LyL-a ^-0 L-fll xml'll (^J-axIlujj t _J j!iuJ^jl 

> s # 

QjfLiluj S^p Lg-is Aj^j^L a£jjoi Qj^Ul I iw^i Lxa^o 
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£-g (jjfLiLoi tiljLijj cAli£jjIi]l &3 a ^^3j *10.9 (J^jaII ^jj^aII (3^J <> — XJ^)I 

Asllall Cll^Li. ^ LiA'i cUjUjjj^WI UljLxjiil] 4 . j3l£j UjJi% £JjVI l$jl jU. 

dil^pll p (jj^jlxxill a^p (_ja A_i^,^)LiJI A q^Lill ^^3 l^j ^-^ajaaII ^^jLsull 

A_nj ^JJ La I^Aj t jSl^dll dj\j jJ&l\ liljLoo]! (J^yLk (jA A_ij31£j _Laj| JJ ©jjL^IaII 

uu ^jJa^A I^Aj » Qj)^jlxx)ll e-Lij (_j£aj cl 1 0.9 x'lill A_nj jl j£uj /o^ajjaiA 

. l_j — 10.9 ^ ^IxjV I iajl ^)ll ^ 

Cjlji ^3 AsUall dl^L^. (jj-3 cLxJaxJ 1 g j ^j-o (jj)^jlxxill dil^p L_J^)ii] 4 ~Nj'n j 

c^jj^jUxi S^p N UlLiA (jl (_pa^ii2 a^p ^3 ^± SI UiL ^jc. !>Lil3 c <a\“i Vi o^)^12l 

<xjjL xx n a jjlJI ^ S l£ U^ UJJ^] 4N jj£-Ia J] c£4!& I^Aj 

(.Ji-ioi (jUjI U^^5-J^^V ^] U^ V 6 g. Ix^i 3^1 ^3 I.’UaI 1^3 ClAj^^jjfLlI 

S jill Aslia ClaLjUxiA ^Uuj (jl ^ clijjJ^ll 4N II pjlatnxxil A_ixjj .AiUall <_£ jIxaa 

^jUjI ^jjaLLaj ^le 4-C- ^j^A A3Ua (_£jJjaa 4N La tilLiA L " \)^) ^L2s 

(_£ JJjAA 2N ^-Ic- ^l^xxill A3Un]l JjLLaj (J? jl^Jj .1 1.9 xxi 11 ^^3 ^jJa^All <J^3j cAsUall 
AiUa (_£jJjaa 2N ^_^i*JI AsUaH J^LLaj C? JP^JJ tLxJaxJ \ g x>>a 1 ^ja Ajj^) 3 AlsUa 

jLa'ixxij Jgxxill AsUa]! J^LLai (jP UJJ^ 1 ) 4N UlLiA <jl ^Jj l^)lajj 

^Uaill ^.Liaj t0 K -ijc. tUllU AyjW j .Ujlijjj^lVi ^ Ja~n i_j\x j"uJ 

c^3l£j]| ^1^ xxi II AiUall ^LLaj ^^ajoiJ . Lc-^li ^^1x11 ^jUajll u^ijj cLgLaJ ^Uxxill 

(jllaj ^jjsUajll ^ajoiJj .A )Ix*-i^a]I ^LiaJ ^^Ixll A^Ua]! ^LlaJ ^ajoiJj 

.Ai^iJI ©_jl^)^ .lie. 1.12 eV QjljUl AsUall (^LLai ^jLxij .AsUall 


iiELui ^ a 1\ ciLu^jj 4J^uJI 2.3.9 


Charge Carriers in Semiconductors 

A 

(^AXlxjjj ^sl£!l]l cUljjJ^]] ^ JA~N ^jl ^Jj L_J — 10.9 J^xxiII 


^jjqVil U-iLj jjj^II jj V Ull^l A >jVij cojjl Vi a II UjI jill Ajj31£j Jajl jj 

*." n^x c_J — 1 1 . 9 J^xx)ll ^3 A3l2all ^Uaj LalvN a a ^ jJ La I j . AjjLj^^II A jIx^^aII 

. a^ J cUljjjjil^U (j^-Gj -^-j^ Vj ‘Lfl^ ju^VP (jLLai ^ii-GJ 

UjLi^-J Lil£ AIIiaa UjLjj^)J^]VLj ^JjaaII ^3l£!i]| (JjUai AlL^ Aj^LLg ^j^aaII ^jja 


(_)a il AjL/ c Ia j<oxn UjLi^JI 


IJl^. ( la 


x-all ^>a] Ajl . ^AaII 
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(jl ^ .A \axsi CliLi^JI jj (3 -0 cilllA 

lg_il] C — 1 3^ u' (j^P ft^C-Luall AsUall CIjIjjJjola 
. (J^Ha-oll 6^1^)^. A^k^p .lie- V] V ^)C.l^uj lg_i3 ^)3jjj V ^lill Ai^il tiill (j£l 

IgiylAiV 4_iSl£ A3 Ua dllj jjj^IVI (j^i» ) c^Wi^j 0 ! ;Ai^)x]| Sjl^}^. A^_jJ .Aie Lol 

Ul3j AiUall JjLLai oy^-3 yie- yjy£S^\ 3i.lic. I^A C\Wjj . qj^jL 21 S^p (jc* l,^j« i 

■ W i t A_ilx-a^A]| JjOaJ ClAj^^jj^lV 1 a AA (Jj-aJ \ <a n -t j .12.9 (J^juil ^^9 ^-o ^jA Lai 

c^iel A^^p Cuil£ \ . Ig**^^)^. (J§-ujj ^llll S^eLail Ajjlla]l CliV^ ^)I 

Cljlijjj^lV^ CjUjji^WI &AA ^^-o-uij . a j'vqII <3^ vlAjjjSSWI *^^ c ’ lA^ 

^A ^LqjAVI (j) * dj^L-a^A]l c fiLx-ajl ^3 A S-^jaiJ ^Jj ^y3yi 1^_jV 

O^jC-Lai aJL^. Jj^JJ 4 A_iix-a^-<il (JjUai jj3l£ill JjUaj J)iijJ UJ^P^] cJ^ A_il 

a£^>^JI ^^ic. S^plii ^-ix^aj L_a ^joi jsl£jll Jjlkj ciAjjjj^JVl <jli 1 a] j . jjal£ill ls^ 

L <i\^kj aJI^V A -nj n jj3l£21 (jUaj ^3 A_iL-£3 ^-<il (jl <^1 l^laij . Ljajl 

^3 A_iL-a^il (jj ^1 . (^JyiuJLj A_i^.^a] 1 dj\ W jA‘il oAA Liij A tA_i^^o AW 2i o^-l^jj 

(j! ^ij 1 y ^ j . c_j^a!i]l j CjU j^jj£ 1V 1 (j-o (J^ A£^>^i A ~Nj'n 2j-a^j ^^21 
djlijjj^lVl cIj£j c. <a\W j A^Uall ^ 

^axmj Lq LP“^ L) - * 2^ L^J^PJ • P A-^^Vixil L_Jja!i]l y&yij ifi A£^)VWll 

.m — j aA\ jlii (Intrinsic carriers concentration) ^ jA y*l\ dj^Ul^il y&yu 


4 o 


i 

y*- 

*> 

'A 

O 


3p. 


*% 


;oJo2kj S^i 

(CjVU 8) Al Ua CjLa^Ic 4 

(i) 


(<JU 4N) = lsj ^ 2N / 

Ec 


jEg 


r Ev 


(cjVU 4N) 2N □v 


QjfLllm 
<ii\ ji 4 N 

M 


jalSjll jlLj 


sjj N O - UJ < '- I ' < 11 ® JJ^i tAj (i) ^jjSjlui 9ji ^ AiUaJI 11.9 jLuiJI 

^Laa. u£> jluu jl (jSuuj AJLa 4N ^jic- jilSuil jUaj ^juau .AiUall CullUaj AuL (jujj t(i_jj 

.4N IftJAc ^ jLuu ^juil jjsLSui) ujUjjuiJI 
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jjJI (jUaj (jjjjSJJ 


IZ L 

^jLaII (_g J) lx.UA 

Eg 

r * 

p\/ i 


• •• 
• •• 
• • 

•• ♦ ••• 


jilSjJt (jlJaj ^gi diU jjjSJ) 


ujj^! 



.liljj ^JJ ^jjSdluill AiUall JjUaj S jj£> jjjjSJI jS& ^ Jjj 12.9 

.Jaj| jSII £ 4 j-aj iAillafl ^Jjaj (I) : SjjLII qij a l-iIjj £)jj2SLll 

( — fll x*VlV A_aIa fi J)Jaa A-qjjj (Jjaj AJjUall (J^LLai ^a^)C. <jl ^jJal^ll <_jaj 

^9 ^)-q AAx-all 0 lA l n^xn 4 (JUIaI! (JjUjuj ^^^1x3 • ^ ^aC. (_£ ^ ^ ^aII J ^^-^^aII 

£^Jjaa 1 g j9 jj3l£lll (jjLlaj o jIa ^jA (J^jlxlls . ClLyLx-a^All < fiL-ajI j Cll^Lx-a _ ja!I j (J_jl _^*JI 

JIIaII j . tgl j£ _^ikli £-ila!lujj V Cljli I (jl .1^. LglisUa JjUaj ^IaIaJ 

SjLq 48-9 eV 1 AjjLolaII j t Aislla]l S ^^3 a_Lg (Jx^j ^11! Si0 2 H ^a <^ill ^ic. 

«= * i* # 

Luja. ^^Jjaa lg_i3 jjSl^ill J^Uaj S^Ia ^A (Jj-a^All 4(_£^kl A_ialj (j-° J .6^)11 aa aJ^Ic. 

A_ilx-a ^ aII J^Uaj ^9 S^C-Luill ClaVl^-ll Al jg x a) j (J*>j 1 a IIAj 

^}ix-a]l Aja^p .lie. ^J^jlxll t^l^luj 4-*\lx*n9 (Jj^xa ^ aII i Qx^ai IaI .Aj^^j j 

A_i9 AJjLLall d^^ 3 (jV (^^-ic-l ^A ^lill o^)l ^)^JI ClA^^p .lie. In **) ^L-a ^a n^ajj 4 

Aja^p .lie. AiHall S^^3 L3^ ^jVnl dAj j^p£lVI il oj.)it.*^i 

.AijiJI 


^jC- ^ AiUall 0 ja&j 4 jal£dll dllj JJ^I) A^uii JSj 

A_i]LA^.Vi Aj^B ^jli 111 4 ^.1^11 L_ix£-all _j*i < Q > nuj.ill ^^3 JjfLiLa! S^)l 5 X 10 22 iilllAj .10 

1.4 X (J^-a^All < Lx^aj ^j^^iLaill ^3 yij A^^^HaII c_j^!illj djlj^^jj^l^U 

^ajuii Ajjl^pJI AiUall ^jl i^laij .(T = 300 K) Aijxll ojl^)^. A-^-J^ -Aic. 10 10 cm -3 

^jl ^.^.LiAll ^jjjI AjI^ 4AlUall (jUai S _>^-3 C3.3^ 

1.9 aJ^IxaII Ale. U Us J 4*o^)l^)^JI A^^j^l Ajj 3 aJIj /i- ^ _^tA dj^LaLiJI 

: ll U\^\ 


rii = 3.1xl0 16 r 1 ' 5 x e -0 ' 603 eYlkT errf 3 


(1.9) 
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< fiLx-ajI aIU. • jL«j3 Clljlj k j A glia x> 11 SjljaJI 2^jJ ^ T C1JJ2. 

* 

:5 jIjS (jS^ii A jilil Cx^u^a j^ill 

n=p=n i => np=nf (2.9) 

* 

.li^V 

%uj£a 1 \j AjjA j^JI ££L*aja 1\ 4 iluflui 33.9 

Intrinsic and extrinsic semiconductors 

1^_Aj ^a-uilil ^3 ULulialj ^1 dj^\ a^O^gII C_flLi— ajl jl^xi L ' Q 

Dopants jj^ <> *^-Vi $3 -g j-o jj££ Intrinsic AjjAj^. 

j^-GJ AjI ^A dj^L-a^All t <iL»-ajV AajoiLujVI ^j-al^d]l <_£.l^l jl V] . l^-ill A^l-da^a 

L_uljjud]l jxa \j u*n a^j. ix-x^a C1 iI_ia£ Aildali .1^31 l_ij1jjJu AiLjalj ajj-G^I 1 g t/T\ 

a^lc- L_u! ^ joJI tillj ^ ^.jjj . A_ajIj^)£^]I Aj^ajl ^ l^n£ I^jjjIj 3 J - ia _>3I ^ 

. jj^jLullj <j^)ILq <iiLa]| ^9 .l3 j j j^jj£Ij jl .l3 j 31 j j j jj£ll 

jjliUI jjUj P jl c8.9 (_£^jj 3I ^Jj a J 

> 5! 

a^j^L Udl j£-Gj 13 .A_i3 ( *— l^id-G cV ^ ^-g*1I 

jl ^^Jl I jiaJj . I ^jLaojV I j! ^ _J jit ^ jl'QC’ 3^*-^^ dal jjliLoi 

Clil^p (_pa*j J^U.1 Ij u*n (J^-udll j-G jli t jjfLiluil! a^p (JjLa-q ^j^ijuj^il a^p ^jjULg 

.13.9 (J^-dll ^ jj)3l liaj cjjliUI Clal^p (_paxj 3^-° _j^Luj^^I 

dlljjjifllj 4_ui xd. j-o JaiB ClAjjjlfllj Aaj j C5^] J^-^31 Jajlj^ 

a^p j-o ^^LgII ^)jd-GldJI jjji^lVI jj^ UJ^ 11 ^3-^ 

Aic. AiHall j-G ^3l^]l ^3 c^Wdj .4j^p al^p ^-g 1^. Jajl jill c Qjx a>» ^j^ija:^i]| 

Lg I-^Aj t a^j^L 3db 3^3^ j l'\)* j ^ Lg Ai^pJI a3^>^ 

6 1 13.9 L&dll A3Ua]l 3^^ C5^1 4 j\a^-»^g]| ^Jl 

^Uaj 3i^l Ailia j-G 1^^ C_JJ^)3 jh\\ j3l^!i]| jj AiLLa (_£ jJj-o-g jl 

|_i^,^g j^l 6 ^l ^)^5 A -^ j-aB 3^^ Ls^l 13 .Ec a )\a^»^g]| 

.tLl3 
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(jUaj ^3 <jj 

EC J 


cjLa]I 


J) Uii<Q 

Eg 


Ev. 


f--*° Ep 


• ••••• ••• 

\V ; ••••••• 


UJJ^) 



JjSl£jJI (jgllaj ^ dllj 


AlUail (jUaj kU-t. a (S) .4^JLj P lj! c-i ijySuA n ^^lil i^ja i_i ijySiA a 13.9 

(tj)j 

5= 5= * 

l^.lj Ail k^-xa jjiuj j3 o^p (J£ ^ J^3M cAi^)x]l A_^.^p .llc-j 

(j jLou c .‘iVn^k j .Donors a_iLi*_a jl a_^jLg Lgilj j JujU dalji 13] j . l£ 

diXaUJI N d A_^jL<i]I djljill ja-n a /| A^jV'ia]! 

« = ./V D + n ; (3.9) 

A^,^p Aic. n =A^> liSj <JSI j! 10 15 cm 3 o^lc- Afo p-ul JJI l£ 

dll^p]l ;ClAjjJ^]VI ^J^j] IjjLuia ^aJ L_lj!i]l (jl Ja^v .Ai^ptJI sjj- 

ciAijjjfLlJ Jl 13 a j tu J3 j V t-Laia CjUjJj% V] ^aLujj V a_^jLa]I 

Yl £^^p]l j)A Ajl_J 13 a (Jj-a c < Lk-a^J 13] . Yl > p (_£ I 4L_jj!i]l (jA ^p^l 

A-lSV/ cIjXqUJI J3]l j majority Ah/c. V/ cLl^IaL^JI dAjjjSiyi A_ia JIaj 
( jjlj-tiijSn) Sb — II j As (j* <_sji.l Cjljj JU.’iJ .minority 

. LiJajI A^jLa CjIj3 

C(j^^)^l]l j}A (_£^)^.l]| (J^pJI ^3 III ^^A*JI j)A 6^j3j (jj>^J*ill AjLujIj^ 

Aj^Lj (jj^)^pl ^3 AjI ^Jj I Ja_ia ,p ^ ^p]l (jA jjlAo! ^Jc. a^JI j)^AJ 

(jjSLjluJI dj\ j3 <_J tiU3jj ^ 1^.1 j ^ Aili tJa^a jsl£j CjIj 

^ ^->Ja L a! laa j iVi ciilj ^r*Vna .A_i^.^jLk]| 1 g’V^La <i(J-o] Cljljj^)j£]j 3 

.14.9 Jittl 

I .Ey jal£ii]l (jUaj (j-o Ea 4-SLE (_$ jlxAAJ (J^ 

t acceptor level JP1 a]I ^jIoia Jl jal£lll jUaj ^ aJj^ij jail! ^ Ujjj^]j Jaj 
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clj (Jyi*n cjl .LaILuj (J.J^_9^ ^ 1^)^ W^ 

JifiJl A^LLa CAjJIxa^ £.) A y £ 5 -^-°^ tA3^)x]l 4_^.^)3 3ic.j 4_i-ojaij 

. Clx^ yq’l^ll 33*J jLuia C_J^!lll ^j-o 33C. ^3 dl],3j <-qAL-o-q J^Uaj (j-® Cj 

I 1 IjjLuia 43^ptJI 4_^.j3 3ic. L_Jj£i]l (jjfLi dllil 4 ^jV) j 


P =N A +n, 


(4.9) 


EC. 


Eg 

^.... 

Ev 


-/— E A 


x -*-y- 

••••• <*'••« 

••%•••%••••• 

jal£lll jjUaj ^ CjU 

d) 



M 


AiUail jjUaj kU4 4 (1) ,4jjjaia B Ljljij U^UbQ p (J-4 (J^LiluJ 14.9 (Jli-uJI 

.JsjIjjII (ij)j 


lilj iN a » n ; . aJBUJ! 0 jl 4_^. j3 3ic. CliLl yq’Ull 

ClAjj^j^T^H $.13^. (_£j Lujj tLL^.V 4-inj L_fljjjj Lai LlSjj ,p = N a 

• uJ _5^ ^3 L_i^iii]i ^5 

np=nf (5.9) 

(jUaj 0 ^^3 Jjja cl Li 1 L)^ ^ \)» ^jl l ^jVI lii^-aj 33] 

(jUaj ^^3 S^jC-Luj A3lia dj^L^. 1 £^)Ij C A-lL-sa j-all (JjUaj L5^ ^LLall dj^L^. ^LaJj 43Ua]l 

djlijJ&tyl 33c. 3 j3^j 4_ixJj .AljVL l_j j£jj djlijjjfUJ jj^Ja Jj \j3j-g j t jal^ill 

% * 

^ajis U»"< .Fermi F(E} 1 _ s -«jj3 5JI.} ^5 -L»Ia “UIj i—a^jxj 4 Ll«£ l_i jiiil j 

^jlj t<L^ail<a AiUall djlj y'u .; x ^jl . F 4iiUa j^jIijoia] ^jj^)J^]l .J))u±2j (J\ aj^.\ 

^Jaxj iA^lJa {^£ jIula ^3 laA3 ^jjj ^ ^ . .: 1 V ^S^IJ -* i ■ -*-*qNM 1^x<i 

: j 
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| + g (E-£ F )/W ( 6 . 9 ) 

JLajaJ <_$ jLoij (_£,i]l Asl-lall <_£ jj-uia AjL t, a^xj (_£ull ^-a^)j3 £L (.*’ n*\ 

iEp C y* ^>^1 £" UJ^ LaUic. AjI iaa.V .0.5 Aj3 (jjjjfHj ^Jc. jjJxJI 

• F (JE ) = 1 4 C5^J^ L>° ^ £ UJ^ LaJUC-j 6 F (JE ) =: 0 (JJ^ 

Julia. 1 n^j tj3l£j]l J AjL^ij^all ^Uaj ^ iV (£) CuVl^Ji Ai\j£ ^—S jxj lijl (jJaljjsL 
13 

La-lkij . Jj-a^all c. ^3 LUjiulIj CllljjJjfilVl Jj^Jj LuLuiaJ ^^-a^jjS AJ|j (JLaxJ-u.il 

L_u^)iU ^j£-aj c 1iT (j-Q u_fllx_ilal Ax_ilau ^^-a^jjS Aslia <_j-a E A^l-aJI Aiilia QJ^ 

'■—i F(E) 

F(E) = e~ (E - EF)/kT (7.9) 

l_j jiillj Clljjjj^lVl Jj^jJ AjL^j U ^i-ajaU (_£Ull ^jLajj] l_u^)£u ILa ^^a^ii 

: cs4l ^ l3*J 

n= r F(E)N (E)dE =N c e~ (Ec ~ EF)/kT =n i e (EF ~ Ei)/kT (8.9) 

Je c 

p = [1 - F(£)] (V(£) dE = N v e - (EF - Ev)/kT = ni e (E ‘- EF)/kT (9.9) 

tjjSl^jllj A jL^a^all ^sLlaj ^3 CuV^-L ^jlulLtill (j\j3\j£JI LaA Ny J Np 

.(_^^)A^aJl Jj-a ^-all <. L-aj ^3 ^-a^)j3 (_£ ^J-uial JjLLall ^^A^aJl A3\Ja]l ^^lu.ba ^A ^ ^ 

i . np = nr (jl Lff ic. 2 Jj^j ,_jIa jJI (jS^j (9.9) j (8.9) jjjoblxJ! (j^ 

iEj AsUall (jllaJ < a x ^ ^-a^)j3 (*£ pLuiA ill ^^j]l ^jjd ^lill C-LyC^a^a]! 

(jllaJ © ^_j-a . a . E / £h p j_j-a i al . ^> .1 

.mil 

CLiU^ajJI l iL-ajV (Conductivity) o 4jc._ji]l lA^!j 

: (Carrier mobility) CjXoIUI Aj£^p.j ljjsjIIj tliljjjjSiyi 

<J = l/p=q [i n n+q[ipP (10.9) 

LaA |J, ;) J jj, n J t ( jjjj£] , yi A W Jua Lff A q j tAjC. _jili A_ajlUI p C IJ~. 

(Jl a. ^ ita. AjjIl-3 j* jjjJu (j£-aj (jj^iLJI Jj i_ul jjill AiljJalj .i—ljiillj JlljjjpilVI 
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dll J a*J <aI^JI dLyLx-a^^Jl L-fll x^ViV A_1 xjjLujVI A-ix-aldJI o^Aj 4 1.1^. £-ujI j 

2.5-2 SJc- dAjj^)j£lVI (_£jLojjj . LL^V AdaLij lHjja La! Ha j 2 g 'ia ax. j u^aII 

L>° _jLJt Lg_ia U-3^^ djl ^21 (jl ^ i»j Idkj .l_ij£ 2I L^* 0 1 q« ^ 

^A A_i£^^JI J . L_J j22l ^ja jlilll Lg_ia ^jj^Ln ^21 dill O -0 ^ ^jjJ U-3^ 3 ** dilj^^jjfllj 

a_j 12>V1 S^I^JI A^^p dijl£ \ aK^ .ojIj^JI A^^pj AjldVI (_^j1jaa ^ja (J$l aJIj 
. dll_J,2l £A A W x2l dlXoLJ 0 ^j1_j1a]I djlA^lx^l* ill C > \ Ux) 1 Aj^^Jl d U>1^ 'll c^^lc.1 

^ (Elastic strain) JjJI JL*ijVI ^Iaja^U SjjjaII l_uI j*A\ ^ j 

Ax^juj SJj^] S^idVI AjjVI &^>aLUI o^A di\A»*Uxil J j . ^A^^ViaII dilW will 
A£jd £x*j Jjj 4 (jj)Sj\x2l ^ ^a jxLa^JI *FET A 11 J^*Aa]I dll j2uJ^)jl ^)J 

^.Loic. AjajIjj a S pin aj^jHa ^-Lajaill ^jj-uia ^a Sii_ x Ge x aSj n2l 

Sii_ x Ge x aSj u21 ^Ic. ^a a)^'V^a11 Ajj^12I a jaTiHj^ ©^^121 ^jL^.1 c5^J 

Aj£^JI dJj^) 3 L_fll£ IAAj 6% 1.2 j^'ij jjfLiLJI AS uxi ^-jaj Jh c(JC =0.25 — 0.3) 

% 

4% 110 <_ s i^ (_Jj— = aj LaJ Clli jJjilVI 4j£^p. o-iljj (jc. Jjjlij dl^uij 33 j ojLsj 

J n (jjc._jill (j-a MOS djl j jlui^jl jj ^ %45 Ja^j 1-aJ a_Sj3!i]l AjS^}^. o-iljjj 

15 

• P 


MOS J-»c.j AaL 4.9 

Structure and operation of a MOS Transistor 

^j.lxJlj .1 ua5V Jj^^aII 4 <>Xrf0 1 lj FET JUJI (J^HaII jjIajjI JJ 

t." n^k ^ja AlaJjaiJ A_1 auLaV 1 A‘‘n\^ . dl!>L-a^A]l Ax.l_lx-a] Aj^n^^)]i A.j3-a a\\ MOS 

(JLajCIujIj a!aI£12I Cjl J2I ^jA Al^.l_ui]l A_nlc.Vl ^ U^» 'Utl ^A ^-^Aj ^aII 

MOS -Jl cJ^a ^ JUill MOS jjIaJpI J ill >Ab lHILL .MOSFET clljl _JJ 

. jai ^ 1 g Iac. ^^jjlaLlj <^5^ 

MOS Capacitor MOS ul&A 1.4.9 


(_^a (j jkSI .MOS ^ ^iSa\ LiiLja^c. 1 * Li^a I 15.9 JSxJI 0^ 

I JUxAA (jj)Sj\i><,l ^jSa 1 J)\ IaIVI cl) -0 Lj^*A j^A 1 Jj^a^A 

Si 3 N 4 ]l (j-o oj^ ^jI VI tSi0 2 II (y* ^ jIc> JjUl lHILLj . Ij jjaa L^u^nl^uxi 
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c j}A ^ SJjAjjj SjIa (_£ I jl Aj^j*n \ JajAjVI jl 

o Jj)g at a!1 <. Sj^aII j)C. 4 qVi'N a MOS H 1 a (Jx.'N, \ La 13a (Jj-a^All < k-ajj . (Jj-a^A 

4-iij ^c. 4JjUn]l ^Lkj a L_l — 15.9 xAill jIaII dj|j 

oL^_j1j 4_i^,^a ^LsLIa i LaJo'N a!1 13a ^3 . (jj)^jLj.i\l^ ."i U;AL/1^ ^j^_a]| 

^^3 £iJj Ef (_£jJjalA (jl ly^L/ .(JixuVl oLilAj Ll^.^A (jjA^ll (jjfLjj t^lc-Vl 

(j^A^J Uli^l (j)^- 3“^^^ LS -A,u ^ 'P ^ (jjfLil^ <1L*. AiUall S _^3 j)A 

^jlaiAj <_$ jAj^JI ^jloiAll jjj Ailljill ^j*jj tFermi Potential ^ j^3 

(jl ^jial^^Lj t(9.9) J (8.9) jjjLiElxAll (jA 4_n^^^l &3 a .1 i.W i jj^AJj . ^-a^jjS 

,P =N a 

^ =±(E t -E F )/q = — InfcO (11.9) 

Q V n i J 

SJLa. 4 N g = N A i P ^ (j-a ^11^ (_S^ .a jjS^I L_ul _yo> jj^JJ jA IVfi cilia. 

LilLoij ip Q jSjU Lf^^-0 (jjSjj -N B = ./V D in SjLa 

jjs (_^j L uij iN A = 10 17 cm 5 aj^^ll SjLij ^jIjoui (_ 5 jLuu Li-iic-j .« 

. Ai^xll -lie- +0.41 V 

^_3 oUall (jllaJ a UJ^ 4 ._J — 15.9 (J^joiil (Jj-a 4 lla^2>l ^ Lai '+3 _5 j 

^a I^a^ 4 ( 1.12 eV) ^fLil 1 li ^ C+ 0 (8 -9 eV) ■ ■!' a+oi^I 

Work ^ SJIj (_ 5 jluba J ^JjILoui ijjj (jjill 1 ^-°-+) .^a. Jjlc. (j^i 

Lj+iIjS j +j _ 15.9 JSjUI (_>« jjSjluJl r/O s Ji-illl <+)! ^-lyruul yS-aj .function 

* ^LilLiii 4 » > 4. ^ \ i t 

® s =/+^ + 4> f (12.9) 

2 q 

Ailkll c^jLkjj (Electron affinity) cjUjjjilVI Aiil q% L5 -^ Liu^ 

(j^ (Jj-sailil 1^-j.lc. (_L-£i^j (jl 4 _iL-£3^a]| 3^-1^ cJi-^jl ^ ^ £* 

.4.1 eV ^j-iIaIVI ^-jl_^ aIIj ^ jLujjj 6^0^ a..u.. i \xa1I 4_jI_j4I 3*-^ ^11^ ^ajaj 

^o^lc. j4*-a^ lL«-i (a-ui^. ^Jojoi jA jjjj^lj ^LuV 4-aj!>UI LiJ^ll oUall 4 _}a£ (Jialll <11 4 ^ ^ 

.(^jlJ|) 
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t Sl&aI ( qouI) AiUa JjUaj Jala^a ‘MOS t jjLal ^xJaLa Jaja^a 15.9 J^uJI 

.AA f Jjla ^£- jluu» JjUaj iajj^i qaj ! a MOS 

AuILuj 4_aj 9 Igjlc. A q t )3a,a\l Vq ^axj cMOS ^ <il ^L uj 

^9 UjIjj^£ Vl^-o AjI^aII ^ic. <La1Loi 1I 4_ill^i]| • 4 _aa9 

C1a1,Wa*Ii\ 1 <iiL j . ^J^lxll j L lA^ai (jjj ^ mil ^Ja-udll AaC. 4_a^.^a 1I ull\ will I.Wj 

^Jj^aj LqAac. j .^-lajoill ^ic. ^-kJajjj v_a jjuj ^lill i«_J^i&ll t4 n\c-Vl CIl^LgL^JI ^A 
;^Jajai]l L_Jja!i]l ^jIj^^II (Jl-vxdll .}^}laJ c ^Lils 4_nl^^l 

liaj tgJajgJl qa Depletion region ^jj-Jaj <kLlo $ jjiij Jl villi (_£Jja9 

(_j-o L_J^)111 j villi! <J^9l ^ aII AsUall (jUaj 3a 3a^x> ^Ic. (j-a *16.9 (J^ **ill ^9 

(_£.ill (jLujI jl Xd ill 4 _iLa1g L_lLai^. (j^-GJ . ^Jajuj 

■■“j-* 


^ l 2e si ^ 

V ?W» 


(13.9) 


'Pi j ‘(1.04x10 L F/cm ^jLolij) (j jSjLoll JjUJI CajIj ja Ssi 4 j ua. 

JjaaII LaSj (Energy band bending) 4alkll (jjlkj «.UaJl 4 jIj i_sj*a!I ^LuJI ^a 

L_J jjJoaII A q3a \a (^ya^C. <j! 3a .S^j£^)ll 4 _jLuiI Nfi J 6L_J — 16.9 ^9 


.^uLiVI 


(_g j^U JIJjJ 


*\J Lg«1aC. 
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Jjia (jle- AiUall JjUaj Jp (1) : Ajl^ala MOS < 16.9 J^uJI 

•AA 1 43 -ua. jjlI! jJaiall 

. ^JijaiVi ^^i 43Ua]l ^ Ku f-\ W 'll Jljjj c^I^aAjoAj AjI^aII .1j^)a LaAac. 

(9.9) J (8.9) (jAA^lx-all <_jaj • 2(f)/r I IajLuia ^-Lajalll ^J^a^ ^ u^ij 4 m a A Jo^'l -lAC-j 

^^-Ajui L_A j£]| (_£jl_uJA ."iVn^ ^Jajolll iAC. CIaIa j^A^lyi ^A^JJ (j! i^i 

* 

Aiilja l$J Jjal j-all AaIjJI 4iiij3 cr^^J ‘(Onset of inversion) 4jliA 4 -L£a1I 

ii£> ^3 Aju^juj oiljj 4, m\l AaaI^S (jj3 La JJ AaI ^J l AjaI j 3 SiLi^) <_£ijAj *Vt ^ /‘i* '1 

c^cJajJI ^ 4Jaj^L dJiLj jji (Inversion layer) qA£*S)I\ aIlL ^ Cili jjj^IVI 
Laa^aAj .( 8 . 9 ) aJ^IacaII ( 3 ^J Cili j^ja£JV 1 ^a^^a] AaIaVI 43^1x11 C t iuaj cilljj 

AajLuia ^^^JIaa c — ^^^1 (j^A^ 4 aa 3 ul^ iVl ^J1 (Jj-aA LaiAC. Ail <_jial^)A3Vl 

di^. ^J1 (Jj-aj i3 4 u^i ia\1 411^1^11 (_ya^C- <jl ^^Ac. (_£ jLin IAa j •2 <])f 

:(_5 jLuu 


2s S i 2 H _ I 4s Si /cT ln(N B J^j 

qN B V 


( 14 . 9 ) 


I A 4 n>i ia\1 AIA^IaII ^^3 A^Loia]! Aa^-uj ^ 3-ia,*i j 


2 d = +qN b x c 


( 15 . 9 ) 


365 





c2UiJ (jV Tl ^ 3!!! A_±^3-a]l 3-adj 3 t p ^3!!! AilLuill qJjL^\ 3- j *W i 

< gld-al Aal_g_Sl A_jjliij]l dUajoi 3-aSI . 1^1 3I . A_±^3-a AlAdall dL^LaSI j AjSLuj Adldall 

a Jo Vi dc. AjI^JI Aiil 33 a \\x 11 Aiil^a ^jLalj . VV AjjxJI A_iil J j& MOS SI j 

Jddll JaJ-W-a (JLa*JjalL Vq AJI3JII Ajllid 1 Tld,aJ .Wj^k .333 3jld*jl ^Jl (Jjj-£3^]| 

: <—i— 16.9 

V a =* il +V„+'¥ 5 -* s (16.9) 


A.it/iull Aijlall ^3 £)/) A W /till Alb ^A VL* (J^Ltll (J ^^Ac. ^-SajlgJI A_ii]^i]lj 
^3 £^3^. 3-all c_j 3JXII3 L_ul jjoiI] A ~njVi .WjdVl A W**i Lai .£2 OJC 'L^dVl AK /Ii\j 

3JJ mil ^Jajaill dc. AjtjJa j! 1 a]| AiSld-all AW xlull ^^A 3I 3^3^ L_fl jjuj . (J^Ltll 

3J3J La bile. t .Wad^l Ajlb-a ^.1x1 A dn dl W xxill obfc LuHjj JjAtll 

.IbadVI dl W ui ^ ud ^jd-aJ .l^liSjj jj MOS 1 ! CIjI Jjloi Jpl JJ (J-aC. C5* 'jJ^ 

o J)VW.a dl W, >*ij Abb .Wxidl dl W xxi j ^ oJjVW-a dll W x’x‘3 ^3 Vd dll Wd ^11 

^Ixll Si0 2 SI dliila ^^3 L-ljJxil Add Aibd ^jLd (j! WJJ * ^ WlS ^-Sajail! ^3 

1 LijLuia ^Fy ^Jajaill 33-ad t^jjjldxjVl AjI^j dc. j .J3I jl 10 1() cnr 

Lad V T A n»ll AdljS Ajbdj bl ^i-axxLj La l^Aj •2cf)/r 


V T =4>„ -® s +20, -QJC„-Q d /C c 


=®M S -e„/c„+20,-e D /c„ 

= V„+20 F -fi„/C„ (17.9) 


A_iil 33 ^-a-d La 3A VV^ 3 t £3^3!! 3 AjI 3JI ^^IdLa 3JJ (_]xd]l Alb 333 3A Ojyis d n^k 

* & s 

. da. (J-ac. c 3^dl 1^. ^1 a AiixJl AjuljLi ^ddll .flat band voltage ^a^ll 
‘Qd l_ 1 3jJdll A_alda ^^3 AW Lill (J!>Ld. ^j-a AjldVl 33d a] aJIj ^A A n « \\ Aju\j$ ^jl 3-a^kV 
Alb ^3-a 133^ Ljajl AjI 3JI *dLa » 2 (j )f 33-ad 3-a c^Jsl 3 

^ 3III 3-a AjLujVI -^-WLa 33d) L*i (JLadujVl AjlILoi]! AjI 3JII ^3-® Lai -O^/ (Ji-dll 

Jada 3^J3 .PMOS — SI dl j3laiJ)jl 3I p ^ 3^13 ^NMOS — SI d! j3dJ>jl Ji ^ n 

^jd-aJ3 .duadV^ 33djluJI 3JJ ^-lajoill 3-a L_l3illj jj^\ ^j^IIj A \ \x \\ Ajj133 
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Vq AjI_^J 4_nl jh ^niaJ . A \\x \\ AjlA j3 Aide- ^ Qlmp/^ox ^ A-^LjJalj Alii 

oAs*. j A W Ai ^ I-ijm .‘iVn^k .^JajoJI Aic. A_ilal A-L^LaI^. ^jj£j Jj AAixJl 4_nl j3 (_ja ^)j£l 

l J ^jA£aj^\ AAila ^9 A^.Luaa]| 


Qn = -C ox (V G -V T ) 


(18.9) 


MOS Transistor 


MOS jjlu.jjljil) 2 . 4.9 


^jA*_a]I ^)A J) U*Oa11 ^^JL^aII 1 

jAa^a!! (j-oj tlij) jj^AaII MOS i VVna'1 <ja (MOSFET) 

Iaa ^ A=k jj .<S UjUj 17.9 .Drain i_sj^a]1 j Source 

^Ii'iaII ^ajolJj < Sjj-aAlIj j.^^a' 1 J t filial 4 _xj^I ^ill 

. jjlujJpl jjII sUs MOS ]l ajI^j cIl^j <*31^11 


(jji\£xf$\ (jh A-n]^i]|— jLnll Ait jjaa j 4Ljla]| SUlil jjIuj^jIjj 1.2. 4. 9 


Long Channel Transistor and I-V Characteristics in Stong Inversion 


_ij£-c 


4jI^J LS - ^" A ^IiaII 4_iB^i]l JA^j tJ^jLoBl ^-LaLall ^^9 oLluaSlj La! La3j 


ip ^ ^Bl ^ja (JIajCLujI Aic-j . ^ulSa iV 1 AAlLa ^3 ViaII AjI W A) 11 jljlLo MOS 

lAA I a] . AjLj ^ja L_a]\jj A W xlo l_Aajl ^ajaj t ^jjlSat, iVI A W A) ^jli 

p jjloijjljj t — alLlj-j 4 <jUaa cr^J .(NMOS) n (j-° AiL jj]| 


^^}A ^j£aJj . i^jj. ilSx.^Vl ^JLla AjI W A) 4_i9 (J!i aJj tn (j -0 O -0 (PMOS) 

£a j^x^ia' 1 J o^jj£^)]| qa ^L£ Llix-aj Lul (^a^iiB . ^Jj La9j AjL^la 

<j! ^J l (jjj y G5 A_iB j9 JjBaj LaAjc. .17.9 (J^aBI <jlx<BI (3^ J c_fl^)ia]| 

<MOS fl l V'iSaI li^Lk j .^Hxjl <a±La cVy A \ \* \\ AJ1 \ jh i^ja j 


AjXoUJ] aJojojI^j ^ja <a±La AjI W Ai ^Ij c.“ n*\ 

^ja ^Jj)SaH J *^ + A -5^ > <Q ]^ _jA*^a]1 ^ja ^yl\ oLj3 AjIjj^jj^]I 

AAlalo qa c_jjillj ^Jajaill Aic. Forward biased LiaLaI 1 jl V^a S j jAa^aII 
^ulSa <iila j)S*^ 1 t ^,3^ i ^)-'i*sia\ 1 ^^9 Ajlj^^j^lVi (j-Q ^]] . SLi^ll 
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L<ua 18.9 <a^l*Jlj ^ 3-i » x> j^_a dalw dll Lai .S^U^ <C.^udJ 

! CU-a-oll ^ AjI^iII Vqs <dl ^^1_J <jl ^21 <dl^ (jC- <daljdujV I 


a, = -C at (V G ,- W) 


(19.9) 



.n £^1 cH MOSFET jjIL-mjjI jSI ^ yu^a jj ^ j 17.9 J^dll 

dill j^jiklV 1 diiad ^ic. V/>5 <a^.^a <dl^3 (jVl 1 Yq^Jo lil 

<lLaixj C‘ l Vi qa .ik jjj <j j^jjkll (J£ (JjULq ^3 j . L_l^b ^ aII L_Sj^-aAll <jl ^11 Cl±dj 

^Jl Lij^aAll _j\jj (Jj^d LS^) C5^3^ 6 ^."u^iaII <_ja ^}kl ^iLl 4<jl^ll 
I^q.Vic. j .18.9 J<; dll ^ i \a\\ lia^ ^}-q dill 

<11 C Ia^jI^Lo <j)nk <ajIJLg dll C ollill <alaiA <jl 3-fic.l 1 Vi^aj CO'jjJt ks - i Vj)s <dl jAll 
Vds ^Pj^xaII j AjI^aII <nl jill <ilak <11 C 131 j <£^) ViaII dll W Ci 11 3 ..vdl 

*20.9 <1cLx_a11j ^^-LaxJ ^311 

/D5 = (i„ C ox ^ (V GS - VY) Vos (Vgs » V DS ) (20.9) 

L/ 

(_ja <^,Loia 1I ad^ j <x_uj ^A C OJC j t^Jaxoll dc. ilUill diljj^jklVl <i^^>^. ^^^A (J, /7 C* n*\ 
. (17.9 (Jkdll^ ^1\ ollill <Jjd WL J tdjai^Vl t» V'^a 
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Aik!*]!) JaslII Jjlatia NMOS jjlujjjj jilt ^k jLull 18.9 JJLutll 

. A &1* 1 * ^ j A II a al^ * j 


<lLalo ^k CjljjjJ^lVI (jli cc_fljj^a>JI 4_iil j3 fiiLjj £-g IdjL^J UxjIj I ijj 

Vqs jilt j.i^j .^till j*\*^t ^Ic. iiili ^.3 .LaijL^lLo ^k±i ^j] filial! 

4_iil jilt (jli L-fljj-sa-all <alalA i^ya C_Jjallj La! (.A W t!l\W jl^Lo Aalai-a ^j-o L_Jjillj 

jiiiLA (jli GD ~ ^GS — V ds ^ VgS ll^ (_g^j ! ^^^^5 **il^^t 4 W x l’il l ji^Lo Vqd 

^jjh l_j jSIL ^^lilt ciilij 4_j jULa (j-aSllii j-uj filial! <_ja L_fl jj-a-alt L_fl jla (j-a L _1 jillj A W xl'il! 

JSdll ^3 i^al! (j3j 1 SjA-a-al! 4_nl jil 4_I!i A ht.si jj jlnl! CllLij ^Jj c^ili (_£ijJj . jA^-a-alt 

Jjijal ^JjV! <jjj-al! (j-o ^ijd ^! jVutil ^j£-aj t filial! ^jii-a L_jjjij ^jialjisljj .18.9 
: j 4 Vqlv^l! ^k jLnll ^jc. c 16tl3 jLiil! 


Ids — \^n Cox 


—((VGs-V T )V D s-mY^) for (V GS -V T > V DS ) (21.9) 
L 2 


,_ r l=i*jj Body effect coefficient ^ ^ >* >>1 1 J_jxia J^U-a jA 


r 

m = i^ — drm_ 

c 


:1 + - ^ 


: 1 +- 


8 Jt . C 

ox a max o. 



(22.9) 


o 4_nlj3 jC- 4-a^.Ull A f\* \\ 4_nlja dll Jjju jc. jj£j]l (j!) (J jlLo JJWJ 


•(j^J^ 1 ) 
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L_L^J l^jl VI Lt ox .\.U^VI A£LajuJ jll AjLolJ (_£ j!l uiA ^g-lc. 777 <Aja Aaj*j 

U*jlj 1 3j J .1.5 J 1.1 (j-iJ £Aa3 Ajtjl_ud]l IaI . ^jI£-qV I 1 (JA ul 

. c-fl^j.^^11 ^j-Q jSJU sLiall 4 W IaaIc. ^,\x n 4 l^q'i ^Jj LlL-aj cl-a^x^.qII *^*^0 

I J oljill (J^ia ^ ^ **‘11 (3 


Qn = -C ox (V GS -V T -mV) (23.9) 


(_ja L_j^)i]lj Vds (_5-^ ^^j-^aII ^ja 0 V (j-Q V oljill 4_nl ^3 ^jjx'n i*’ n*\ 

Lo-liC. I — ^a L_J^)i]lj ^jjjI^xjVI A W A ^a^xjj t 4 jlAj£ . 4— 

diiilkl ^a Sliall ^jj .‘iVn^k (J jij j cV = y D5 = y DSat = (V GS -V T )/m A_£lS ja ^ u^i“i 

AjlAjS (J c. yl^'luu ^Jl y (j-o jLiJI .£JUa 11I AIL^. Jl J jluJ_^jl ^ill (j£ii}j 

f^G5 — — ^ Vds *18.9 cj^lll ^ cHf^l l 3^J 4<i)ViA\l ^ 

^Aiuiill ^ jLiill J -i^-j 4(21.9) AI^IxaII ^ V T )/m 


Ids — \^nCox 


W (V CS -V T ) 2 
L 2m 


(24.9) 


.^Jaoll 4_llaiA Vo 5 > (Vos - Vt)/m Jill L&-°^ 


t^La^-Q L-A^x^i.all Ajill^a ^^kjj V 4 1 ^)j» L, AjI^II (J^Ia cJ*-^ o-^- 


(J^Ia ^ }~n ^ 1 uu'Vi j 4 u^a iaII c 4 3 j Ai ^Jj < Sjx^aII 

a -N.Wnj . V DS ^jAA^ 4 W/L e ff £a l—lujLiIa ^jLiill C5^) ^ J • cJAt-^l AjI ^21 


_jIjj ^Jj-aJ i'X, oljall (J _^Ja (JjA*j ciilj 


Ids = VnC ox — (V ^ V ' y ( 1+ ^V ns) (25.9) 

L 2m 

4^JL-a JjVI Ajj^aII ^ 1c. ^jlliijLai]l A_ii]^illj _jl;A^I llil^lxA 

djLajlUl dj|j cijl _j j!luj^)jl ^jjll Lua Lol .Jaia <L^Ia alia djlj cij|^)j!luj^)jl^jj] 

uV ,\A»MI ^j^Ai]l ^ix-aj .Vm^ . (j\ uu^ll (J-iC-La-o i~nj^ o^jiu-all 

S^JaaII ^ jjjoi^jl ^)j]l ^j-al^k ^a ^jUallll 4J1 jV 1^I (_J-° ls^ 

. AjojIIaII 
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(j£l y* j)l lUajjSl cMOS Sj£-o1I ^^3 A \\x 11 AjlAjS Li2a3\j LoAic. 

4_ii] jill Jaj^J A -Nj'n j j-L-a^Jlj ajj£_^]l ljj-a£ (jjfLi fc MOS Jjluj^jl^pll ^3 

^.IjjI ^3 A A qlV^ll (J^La __^l -il^jj j ^.Ix-a-oll jjjj V$B 

A W >!i) CiIjjxj (£)lL (j* 4_iix]l 4_nlj3 ^ jjjJ lifcj i2<\ )p + V sb J) 2(| )p (j-a (JjA^xj^I 

\Qd AjjJalAll A qJV^ll 

Qd = +qN B x d = + y ]2qe Si N B (2\ty F \±V SB ) (26.9) 


iVf A \\x 11 AjlAjB (_£^LujJj 


V T (V SB )=V Ft + 2^± 


^2 9 e sl /V,(2|^|±V s ,) 


c 


V r (V Sfl ) = V vr (0) + y 


7(2|^|±y SB )-7% 


(27.9) 


l_ 

7 ~~ C 

OX 

djIjLoiVl (3flaljj tNMOS Clal j j!ill ^.Ic. IjWlI o_jUjjVl ^3flajj C n*\ 

J)1 'll (J^xi-o jl fl (JyxAaJ !3a -PMOS Cj il^j jjjoa^j! ^jlll ^Ic. 

4_nl^3 <jl .(22.9) ^3 C__a^x-<2I /7t (J-q\x_a11j y (J^Ix_a]I 

( x-o 4 AujI ^ u*oj 4_j| j j x-o 4 _ijI_^j] jj£I NMOS H a1\^. ^ 4 m II 

S^)j^)]| 4jLoiI jj&ji jl y (J^lLo (_)>alx-<a j)l£ 1 xiKj .PMOS II 4_IL^. 

AjlA jh ^joi^JI (J^xi-o (jl ^Jl l^lij J . ^)J^I 0 jj£^)]|j (j^J (jl£ 

,4_LjaL<2l ^A a^ixj-ali y ^j3 ‘A m \\ 


Subthreshold characteristics 


4-uxJ! La ijiAA 2.2.4.9 


4 j\ ^ n^n 1 .<v f^. ^^xjj c. j)\jj (jl <ajLoi]l <joi3L1a]1 ^^3 

(Jj-aall (jjj (JliljVi (jl V] .4J Lijl-uixj jl VV 4 (’la II 4_ii] ^3 jpa ^>iu-al Vqs 4^1 ^^1 
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(jjjl Kx -,VI A-lLaxo ^AxSi <alalA dlliA (Jj oLa»9 V (Jj^a ^11 j 

SlC- A£ j Vixill AA^j\ CIl^LgL^JI I dij Lo^ic. 12 uj cWeak inversion c ijx^fl 

a£ j Vi/all odk (_£JjJj . .^Uri^Vl j (Jjj ^,'mll 

jj£jj .Diffusion current ^ jIjj (NMOS jjlaijjl Jjl\ 

• (8.9) aJjIx-gII 119 j Ldul ¥ s ^-LajoJI 1 a^xjJall ^9 CAjj^J^lVt 

^j^SLj \ x), Vic. AjI^ 2I A_iil A jlLiI aJIj ^jji^'uxi (. ^jIjj (J ^j£* Ljajl 

I J L qja istW ^pjl *\x "iV I ^^9 J-aae jj . c ajxjJall ^jA£ju ^ I <11^. ^9 _j ^il! 


w 

Ids ~ l^nCox — (jn~ 1 ) 

L 


f kT^ 

v C 1 J 


2 q(V G -V T ) 


mkT 


-qv ds 

kT 


(1-e kT ) 


(28.9) 


^j^SLa cCIjI^g Sdxj kT/q (3 -0 ^ A_n]^i]l l^.Vic - ^ 

:4_n] jail J jliill (j-iJ A^^lxll aJL^. ^ _j jluj^jl jjll 


w 

Ids ~ \^n Cox — (jn~ 1 ) 

L 


f kT ^ q(v °~ VT) 


q(V a -V T 


mkT 


= he 


mkT 


(29.9) 


V * J 


t—fl jIjj ^ AjI ^Jl A_ii] j9 AjIj AjjxJI 1^19 S ^ 9^}xjj 

cJ-iaI! jl a1jLoi]I a^Lx-aII Cy*j . (cIjI^a ^Ixa l£') *^1j ) 


S -mkT/q • lnlO = 23mkT/q = 2.3 kT( 1+ C/C* x ) !q (30.9) 


<_gi SjLj j 100 mV j 60 mV (Jaj Lo SjIc- Aii*Jl Lu9 ,S cJaaII 

dj^yLoLst-Q LgIa !>LgIa-q A a\$\ LxJJ dilj J t L_fll_3tjJal 10 ^jLujj 

. aJU. Jl JSSjj ^jI j jjII lg_j aJj^-uJI qC- AjV j jluj^)jl jjll 

^Jajoill A,K ^ill IKn V GS ^ A-iuij ^glc. ( l+Cj /Cox) cJdjJ 

^gi A_i11jl 9 A^i A_£il ^9 (jl£ c ^)iu-al (JaaII Lal^9 . Aux \\^ ! j qii ^g. n)H 

# j 

A ,m 11 UJ*^ A<u3 (JaaII A_iLta]| A-ajall ^jl liA A ^j-o . ^jLnll 


^ jjj oJllc.1 (jc. tl^c- jjj ^JiC- c_ iu.i_i Ala-dll (J-ol A^^a. (jc. jxa.Ull jLiill jA jLdlijVI jld ^ ^ 

_ (^a^^lAll) A_i^.jlk (J jdlj (_jc. V t(j-uibaJi]l Alba. djLi^-jjill 


372 



diVL^. a -sjVi (30.9) a1aLx_a]I ^a oLLax-o]! l*1]j ^j-G ^Liis ^£1 u.j^ u^ u^ - *^ 

* 

aH^Ia]! L ViS x> £-g ^lC- ^1a Cif <■ QiS^g 1 CLl^\^l\ aAA (JjC-li-a A -yWi ^j£-ajj . ^JajoA] 

.Q 

Scaling of transistor dimensions jjiwjjljjll A*j 5.9 

2* 

djlj u'uj.) 50 |im (j-o aIxjI Vu^iK 

a_ijujLujV 1 Cli3l£j .AaII^II Ajl£i]l ^a Aj^jLill djl_ujlLa]| ^Lai ^11^. ^jJaLall jjSlI 

Ax._^juj SaIj^J toAK^a A^.I_uia ^ja jJa dll _jd^ AilA£ dA\j^ aLxjVI Vil 
Aiilii_j ^gAc. VGjj-Vi/dl V 1*\ u^il (jl A 'NjViIl dljl£ j .oA^.1^11 A QjAa j\\ A qK‘i ^pal qVil j 
jUjI ^ja^aJj jja. . ^LiVl o^a 2jlij ^ SjlsIj (Systems on a chip SOC) 

4_Lajaj!^J A3j .Alli2 jJj ^C-j Aj^al^V ^*5 ^*Ac. ^jLojJa c__l^j _j jluj^jl jjl! 

•(Scaling) uAVixAl aIxjVI Vi cJel^aAj diajc. ^glill ^ 

(J-gIc- jl ill . (J-olxil AjJ^gxJI^ Aj&£^\ ^ja (J£ Vi tiild j 

jLxjVI Vi LJojI c__L2kJ tAjI ^Jl ^jAa^)C. j J^ia V^ L5^!^ »(X jA ^ V‘A1 


Xj Vi (j^-GJ *Xd A_lLalo ^jAa^)C. j / OJC .WaSVI A^Lgjuj L ) -0 C 5 -^ A_LujI^) 1 I 

A_ii] ^j.Vjq Vi <jl .AjaS^A]I ^jAajqVi jy j AT? AjLui] ^JIaua 

(Constant- field ciulj JL^g Aic. V’n till a .Vnj^ . 3*1*11 (jjiid 

a 3*1*11 SaLJ l_lVj tj^xj ( Jj\\ (13.9) a£>UU liajj .scaling) 

■ Inj^ . (J-qIxJI (_y^^ (j^ijqVl (J^al L-JjxJo'i A^LaXQ ^jAa_jC. ^ic. JaLa^ll 

(Propagation (^^lojll dulill jl) jU^ijVI j ^ Vi \\ (Jjc-ILq 1 ViS^j 

.o^)-o a ^IaLoj (jiaiVL t(24.9) aJ^IjlaII lia j .aSLUI j delay) 

LjAuAjjj ^ HI ( J.^ViV \ ^jl ^ I3tj I2 a j . Ly^i V*-uill A-a^ ^paiVjj j 

^x-g L_LujLijj ^A\ ca£I^I1uia]I AjlSll LgI .S^)-g a (JLj l-ajjuj c CV7/ ^ 

(.^A L)^J Ct^ ^jl aLgj (Jaj L_fljjaiS 4^)Lnllj A_ill^i^^ S -3 ^^ 3 

. ^J> Vi 1.9 Jaxj . AHjiIj A^LolaII j ^3 a£1^j-uia11 


Axj-uII jjjVixtll ^La^ll (.“ i i\MI j&> CV/I = CR j t^Lull _jA / J cAjal^all V j tAjuaJI C ^ ^ 

.(^jldl) V/I VgjILgIIj c 
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AJjjL 3U£ jJ 4Jt jjIujjjI jlll aaaj 1.9 


^uxaull (Jxlc. 

f Ul! 

4 <**<\^o\l 
AjjIjII 

JUJI 

culill 

^i*s Vi 11 A-adl 

1/a 

1/a 

l/a 

(f OT i Lt WtXj) jjll jUj! 

k/a 

1 

l/a 


ka 

a 

a 

(M fl ) ^UVI j£ ,Ji 

k 

a 

i 

^Uj^ll JUJI 

l/a 

l/a 

l/a 

(( C=eM ) 

k 2 la 

a 

l/a 

(!) M 

k 2 

a 2 

1 

(//HO 

l/ka 

l/a 2 

l/a 

(cy//) jUiVi j^b 

k 3 /a 2 

a 

l/a 2 

(P - /V) ^lauJI S Jjill 

k 3 

a 3 

1 

(P/A) Sjjill 4iK 


oAA J .AajIj c-LLlI Vi'l ^j-A AJjAj Vi tSSljAj 

L_lix]| Lol . Vi\l (J-qIx-q £-a IjjujLIIg ^111 6^)1 All (_3_ll9ll ^A 

(J^Lola Jj (_£AjJ (jl Ajjiill 4 jjLj^)£^]I JjM oA^J ^ jam^l 

Vi'l j dull A_£lS j3 £-o Vi 11 (juj £Aj jigu IJlc. ^jjj I U . dll j j!iuj^)jl jjII 4u3 jj j 

cillj J*ijj .(Generalized scaling) ^j-> Vil li 0^11 11 a L5 -ax^uj cCIajIj JL^ 

t ql'rN a\ ^\y Vi 11 dL/lalx-o lol .Vii3jjjj AiUal] <£^L^JjoiIj ^ jdo^)j| _jj]I 4x.^uj vll-oV 

^udj ^jlxj V ^ jAxu^jl ^pll U 1 (j-al^jl^lu 6 1.9 (JjA^Jl oUax-o ^g_3 ^J>VlH Jjjl^)ia 

. (_£j 3 il (J-axj Ajlj 


j!luj^)j| ^)jll ^jlj^iall (J ^ia j 4 _iajoiV 1 dllajai]l ^ 1^ Vi JalU 4.9 cJ-^-^l (j;UJ 

4ul (J ^Ja ^_ix-al A£3 i (J^ Aill ^3 AjAALjo-q H liiSjj .Villxll djlc-^uall dll^lA ^3 

dil^)f£ll ^3 Jl^VI ^i> Vi (j-Q ^g-iJaLall djLmxuU JojoiI jl ALa l£.^iuj ^)l£l _J jJ-m^)jl 

^a cdl£ Aj^xx^all diUJU-ll (j)\ ^Jl ^uj^-q Iaaj t (DRAMs) a. f\ l-aLuAll ^11 ^1 x 11 ILaill 
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^iVtlll pjy Vi jj i — 19.9 (JflAiil ^_Aa jj . ClL^L-a L— fllx-Vil 4_ll£l] o j£]l 

4-k.jjjl AiLjal C<C- lli-all AjuLolII ^jAa^)C. fiAa . jl ^jlilll (jSAj J 6^)Aa]l AiUl^j 

(jjjlij ^1 Lij^Sj ^iVlUll Vj . iaAL&ll Ja^JaaJl^ Clulil (JLa^a ( x-o ^la. Vill ^jIaII 
^IL&ll ciiSj j j^I-q <c.^uij dijljjli ojAall 4ilil£ Lai tdijlilll (Jl -s^ll Ale. ao^vlll 

1 jJaJ) JjaAl Al Ajl J .VjI ^j 11 (J_^La f 1 )> Vi (j* \k\) ^jx ksn") 4_iAxliIl SA^. j (jl ^il (J jVl 

Lo-a jS^U cib^alil Aj1_^1 Aji-uj (jl (jj^. cduli JL^ Ale- ^j-^. Vi ^gi <j ^gjil Lu» j!l£L 
& , \u t)^V 1 ^£L«ljaJ ^ )~> v (j-Q Axil (jl£ AjI _^aS 1 (J_^ia ^r> 1~> Vi (jl ^g-S] LiJ j^. lilli j . 1x5 jll-Q j)l£ 

. LiJajl AjAxIlll fiA^.^1 ^gjj^Jl aa^-Vll ^gJlj 



(I) w 

Culii JLi_a AjliLa (Jaliil)j 2e.l *.^»'l 19.9 

Sjjill UiljS (i_j) ‘AjI^jjII Ajuuj jjiUIl j 4j| jJt (ji j& jLuIl (!) Jajlailt} 

Jkj .18 £-^ja 1I jyij .MjIjjJI JjJal jjlil J I .i 4 j« U jjJ La ojJij 4JUi11 
. (LjMVL ‘il L jjJ L>» CjULui) »JA JLaxiuil jjfr qa -IBM 

^1\ ^ jl t-dalfLJ AiUj£ jLpj! J -UilLall <4*4 oljl ■ " '1 £^jol3 £-0^ 

lAljAjl tVJlc. dll A dl jIa ^a-oL-saj ^gJlj iAiUall lJ^> 1 g“uxil VAaidlo d_sl jliuj^ll jjj 

cAIIjIj 4_iJ jk Aic. Vll ^ (x Vix*nj aIajj o_jAa] 1 valil£ jjl 1.9 (JjA^Jl 
^ (_j-i3jja-aV]l (_g-ic- A Kxix>ll oAA c*‘ l\Vi A5j .^ax_a]1 Vi 11 AAJ^Ja Jc’ 4 Hxi i ij 

A^. jj]l 1 AA ^-qJjujI IaI J . ^ 1 00 W (_gJj (J x^ij Lo l^U^'uxi'i t> _^Jl Vxj^jjoiII Aj^)» x^nll CljL^JLx-all 
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jjujj Ia^. ^ AiiLLal] Aj^)Xj-a]l C1 iUJL*_a]I til!>L^Jjail jli Vi 11 ^9 

S^Aall AjAjj <jl ^jJal^l! ^j-o j !Ajj^i]l d^ylc-lLo]! ^9 SA^^^aII o^jAii]l dililj^ ^a L-I^jAj 
<jjA La S^jA9j AJUill Vai l ^ v ^ ^'’v -v ^ - 1 ^ * i -v \ 1 » r, i * \ AJjoiLujI 4 1*\ i ‘*1 ^ ^ ii^i L q ^ )a‘1 

La u>» j cAjAilill SA^.j (_jAaiVj cdj^L-a j-a]l L_flL-^jl Ajliij (jjjaiVj <_j-a A \\x 11 

SAjA^JI ^^nll j tlg_LaC. ^»AC. £.ljjl ©j!a]I c.l^j^.1 (j*"' AjAxAII £-La3 j <. Ij^jaIAjA A fix 'I AjA]j3 

Cli^JI ^j-kJal^-a ^ja Ixja-n Ia^jjc. j 4_2Ll 1I Seli^ll CIjIa djliLnJIj t Cli! j jluj^jjl jjl] 

jjll A-jjal-L^)]! 


Small-dimension effects 


ijju^i\ jbuSn JjC'ILj 6.9 


a JjJ-oa]! 4_^aj\ C5^H c - ' Jjll aIxj! LaU>» ^9 ^j“V Vlll <— QA& (JIajj 
^j~n Vil A ^>L <LL^)la ^)3j ^ u,ill ^j~n Vill J\ £-aj .vL^la]l oljill A]L^. ^9 ^A]| 1 g ..Vi 
^ lju.li (j^iWn V CllUajuj^-a]! ^_jia*j (jli tlg*ij9jj jj IgAl Al (Jjlaj UJ^ (j-° o^jjg ViH aIxjI 
^j-qj . aLljV 1 o _ jj* ..roll dll _j jJ-uj^jjl jjlL du^jA3l A ijat a (J£LuLq <_£ a! La I AA j t Aj^. 
tAijjjall j s jj.^qll sU£]| (Jjc.lLa j 6 off-current vlL^. jLA aLa jl J^LaaII iAUj 


16 


dli jjj^IVI j jLiill 3ilj£ AljAjl j 


Aj J jLu ^>> 1 1 . 6.9 

Scaling of the subthreshold current 

V <jli iV G = 0 4jI^JI 4jA]j3 (Jx-nj J.^q'l <SL^. ^1 jjloi jjl jjII Jaij LaAic- 
jIjj ^g-AjaLj c<lix-a oAjoi jA jIjj 1 4 mil jA La AJL^. Jj cJ^A ^Li^J 

<*_ud]l ^jl l^lajj »Vq = 0 1 a (29.9) A]aLla]1 A jLi»*i Lai Ia3j t a]L^ 

A, n» 11 JjA La AJL^. ^ u_u^uii]l j 1 ^ j 1 (Jj^all <1L^. ^)1^] *^1 •A^jj t^j7> Vill ^-a a!a_jj C oa: 
CAaI A f\X \\ 4_ii] jk 1 AjjalVl L_JJ^)jau]| jljj A )* f) jjl iAUa U-flLjaJ .LiJajl ^J-N^'lll ^x-a 
oAA ^ja A^Jl Ajikij . ^%j~N ViH ^-a LjaI A \\x 11 (JjA Aa _jL^ Aj^)jLa]l S^jAall AiLi£ oAlj^j 
(JL^-a Ajc. ol_jJaj3l La-a JSI jAAj A f\x 11 i**^^*^ cojAaII AjA^ ^ dALj^jII 

Az. j jaiJ 4m 11 ^jjA La fi^jA3 AilA£ CAaIa^jI AA3 tA.JC.1 u^ill djl^^jd!] 1-^JJ t^i]A ^-a .CIdIj 
SjA 3 jli c<LL jjll Iaa Laj .AJLtill SjAall AiL]£ SaIj j <c.^uj ^j-a ^>4^^ 

llsj c20 nm l)^ 3 ^ . u *°.. 1 LaAic. A]Lti]l S^Aall AjjLuia ^ u^n'u.i a y'mll (jjA La 

La _jLA cA_i]Ll] 1 CllL^._jA Aic. \& jjuj aIa^jj aJL^JI ^jl .l_j 19-9 cJ^jaI] 

A^] .AlLtill AALlall AjAjj aLa jl ^j-a ^>4^1 Ac - ^xmj 4_^.^)A aLa^jIj aIa^jj A f\x 11 (jjA 
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A_iXJ 6 j£jl jLi^jl jl w A \ \X '1 Ajj] jil (JLajCimjl JjUfl (JA CljLliij (.*’ l'^)o 

Jjj ^jjj A x^-ajULa J j*Aa 4 n» 11 AjjIJ jl 

tA x>aW Wll Sjiall Cjllnlaj .AlLtill ^)JC.j 4-lLtill Djiall JJiJJ ^jjjj t jj^AjIIj t_jj^ujjll 

AjIIc. W 1 Jc-I ^>ja dll 3 diljjjjjai jLiWIj Ac.^joi 11 j Aj^-JojII l_l^j La IJlc. 


•J* 


jLj Jl 


Hot electrons 


S jUJl cjUjJ& 2 VI 2 . 6,9 


duL ^jL^£ (JL^a ^J>^H (jli tA.mll (jji La jLj (JjIsj (jLLal A.-vjVi 
^3 oljall ^}JC- ^JL^)£^1I (JI-n.aH il 131 .AjILlII Ac.^jui 1! dll 3 dll Jill Lj.W a ^jjLl V 
^ ^-all (ill3j AjJiLa Ja^^La ^Jc- J ))* J> '^ 1 ^ ilauV! (_^3 _J j-Lui^j! jll 

J t fl^)j-a-a]l ^Jl ^). 1 x-^a]I a (Jajjj (_£. 31 l (j^AJj .&Lia]l <LLJall dljjjai^j! jll 

^ajaiJ .AjL^sjaII JjLLaj <J Jc-I AaUa dlLj j'iuu Jl (Jl3j£yll Ajal£ Aj£^. A^^ 3 *-. 


& 2 & (_j-a AxdaJ t lui"^ jj -Hot electrons $ jLaJI dibjJ^lVL diU jJ^TJ o 3 a 

■Wxi^VI j qJJxxiII (e = 3.1 eV) Aaliall ^J^.L^. JjWV Ajal£ AaUa dilijJ^lVI 
tJ^.|j JVWj 1 g x>i« i tAjl^jll dc. diljjJ^lJ &3& A_nic.l .(15.9 (J^ dll^ 


A m 11 AjjI J SiLi^} Jl Ajij^a Q ox AJLtill .Wx>5VI AW xxi (_ja dllWxxtll o 3 & djj 

(Ja dj La I 3& j tAja (Jj-aLaJI L_aljll A -sjn Jn Jl Jajaill dlVL^. Idajl ilijjj . Vy 
AjLaxII <_J1 . A {‘la II La^a s Aii]J]l ^ajl ks~i~\ Jiaj m ^xxijl (JjJti-a A-aja 


‘ijW'l ^Jc. J^C-L-UJ A Wxi AjLolj 


(JLa*Iluj|j tjx Cljllxuj^a ^j^axW^i 

-A K/Wll oAA £>Ua j 


ci j^aII ^Ull j^l^JI Q^jiVij S SUill Jjc-ILj 3 . 6.9 

Short-channel effects and drian-induced barrier lowering 

AW xxi ^ Ai^)j-a-aj o^)Ax-a-a j o^)jx^a^ll olji]l ^3 jjjoi^jl jll AjI^J til J. xL'n 

^ A ('ix II Aj J AqJaWlI tillj AW x : ;, Aaa^ (Jaj tiilLl A ~njVi j . A u^i W ll A qlaWlI 

.AjI jj\\ cJJ 3 A n» II Ajj (j-aaljj Ajjjoia co^u-aall oliill CIjI 3 Clil _j jLuj^jl jll 

Qii A^iLiaII aJJIL Laj^^ J.W^n AjI jJI t" i Vi A, u^i Wll A qJ-a Wll J 20.9 (J^-iall 

. J.^X^IaII J t ajx^lAll 


l_Sjj-£1a1I j ^j.^x^iaII Alx-aj ^axj Aj^Ha 1^. Jjx^ia AjI^jII cJJ 3 ^ u^ij LaiJC-j 
AqLa'iA ^ ^jja^II ^ JaIHI a£^j!I ^_ja AjI ^jII q\a\\ V ^a i A , u^iiaII A q)a ‘ iaII ^pa^)C.j 
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^.ajujJ . oLi^ll ^AjJa A_nl^^l ^3 {, A_iil^ ^pjp J taliii]! 

I ja j t (Drain-Induced Barrier Lowering DIBL) <— i laJI (jc. ^.lill j^.laJI ^j ^jqVn 

^La^jI j U— Aj^a'I A_iilj3 £_a Am W <jj3 Ia jLp SjLjjj tA.m\l A_£lS j3 ^£3 jj 

L_U^)juJJ ^jLjJ ^Ia^VI tilli . Ixa (jjl U^IIaII l— S^x^aII J ^J.'U^IaII ^I^LLIa 

Ia.^. aj-uj ^ui^Jlj sljall a qJViA A3 Laa]| V‘ij .AjI^II A_ii]^p qc. (J^'u^a 

^3 ks-i lUV'n l.3Aj cDIBL 11 (JjxAa ^■nVi (_j£aj 

^JoVia jit, jl t<^-fljx^A\l J jAj-aaII A_L^ajj AjLoijjj 

(j] •(^■^^ J A3^)ll (Jpli ^-j-j) CS^D^-J ^pl^JI C5^ L_uljjuil] 

(J ^aAaII dil _j jiluj^pl ^p ^j-^k v^l A,uanjll .1^.1 ^a DIBL <—j s^)j-aA]l qc. ^^.L^JI 

.oj jg x a\ 1 A-pliill JL^aII 



jAaSaIIj Aj| jJI laaj A u 4 II AJilaiail (j±u MOSFET I ^Lua j£> ^slIa 20.9 J^uJI 

jAmSa]| IaJ-I^j ^!l]| AjI^IaII AaLjaII Uja. AjIjJI laaj A u/imII A Ajaiail jjjj 4 II j 

.$ jj^a diiiii jjc-iiA ^ji Ajj ja tuajt/i4ii j 

Narrow-width effects JjjAaJI o^j*^ 4.6.9 

(JaI£ ^gic. A_ajjJall djljjkll aJU. ^^3 AjI jJI >»” 1 Vi L_ 3 jjJai]l A qJViA .Viaj 

A W*all jLpjl lUtii A patll A_p] j 3 j\j 3 jl tilL (_£ 3 jJj .SUall ^Lja^xJI oLV^I 

td^lk-aall oljill J j* 1 a aJU. ^^Ac.j .( 17.9 aJ^IxaII^ L_JjjJai]l A qJ-a ia ^3 < 2 d^' 

C_JjjJaill AaIoIaI _j\x ks~i (^ya^C. (JIa*HiojIj (J^xIa Vi lx>ijl 

Aj£^)^. aJIxJI o__p£_^]l AjLaI CliljjliuiA JISj A_i^.lj ^ja . (ojj£^)l] SJjJjuj AjLSL 

A_ 1 jujLaI AjLujj AjjA A **).Vig ) AjLaxJI c.** ^ n^l 1 ^] . ^jA*\x ‘iV I AAiLa ^^3 dj^ylAL^JI 

.o^)jr x^>a\I dl! _j jiluj^pl k^»\l (JaxJI ^jl-AjJa] 
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•* & 

Velocity saturation A&juA) 5.6.9 

q£J JU-all gAjoi lA^)la AS^P^uA) ClrlLalaJI Ac. ^yji o aLj j AAjailjjj 

\ i-» ciDLAaJI Vaa"' 4 ( Cilj j j!i£WJ E = 2xl0 4 V/cm) LijS Jla-all * i > LaAic. 

v sat (_s^=>c- <ajs J) CAXolaJ] (Drift velocity) <~_ajaJI J^aij .IgljSja. (j ^lYVi j 

.sUall Ailaia (_j j2»ll 6-6xl0 6 cm/s j Cjlij jiSDU 7-8xl0 6 cm/s cfjCu 

<c. jjaill .(Velocity saturation) A^jjuJI £-IAuj SjAUall oaa L 5 £.Jlj 


i—kajjj A VVi j .^jAjoJI ^Ij^^II JUJ 1 c > i u^n o^jA^qll Sliall dalj dal j jluj^jl jjII 
^-Laxj i ^Vn*v j .L Sliiill (J^la (jc- ^Lsjjaa u^ijj £a ^Liill 

I J 1.1^, didill ^ill ^3 cd^jj-aAll j 1 ^ 


^Dsat - C ox W V sa t(VGS ~ Vj) 


(31.9) 


4j1 jj\\ l )^ 3 C 'f* lK‘ u * 1<q ^jldiJI iji ^ jdu^)jl ^)jll V ^3 Idfcj 

^ u*n aJL^. jliill ^axaII ^ ndl! Vll (J-gIc. Lujj 111 •(Vgs ~ Vr) 1 lj3^ £jdj 

.(1.9 & 2 /a &/a <c- jjoJI 

Source - drain resistance j-iaaII C^i Vjl^' 6.6.9 

SjLjj tillj L-UjujJj .4_L-a jll J^aC. V * 1 l^jl jjlVpl Jill jLul V 

A_ii]^3 Ja ^ jA /? ? Vg^ULaII o^A . (. fljA^i^all j jIu^gII 4 1~\ i^a^iII Vg^ULaII 

VgjULaII a. 1^1 ^j^aJj t S^laj AjI^aII 4jj 1^11 (Jikj ^S ^DS iS^~^ 

.ojj»,t/>ll SUall jjioi jjl jill jIjj (j>ijqVi (jl Aj\>a\j>*n\l 4jljq)-i'l 

^_j^)ll 4iLi3^)]l da^L-a^ll ^3 o^ixj-a ^ VgjILg Vl 4 a ai^)a] 1 CllljVq ill ^ja j 

l^JJ^)iaJ jl ClLyl_A-a jll all'll ^jjL^yUl 

Doping fluctuations V“Y' 7.6.9 

1^. p_jjjr ax> cA n» 11 Ajlil j3 ^lll iSUall <aiaiA l_d 1 ^uill 4 _ia£ n Vi 

L^l j^ll cilt ^3l jjs j ^3 VjI jjudxll iS^J » a VI ViLujILgII dll j dll _j jJjjj^jl ^ill 

t_g jja»i 4^yliLa3 .” Jjlj jj| JJ Ailxll Aiiljj a 1^ dlliilllkl ^11 

^jjLS 1000 (^Ic. 400 nm j 100 nm l£jCl} AjjIjj J_jL jjloijjl jj 

J] L_ul _^2all AAC. u \'\ 425 nm ^!j (Jjl 3 aJaAjj (jja. J . 4—1 Jjjajll Aliala ^ 
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c_fll Aailk-<JI CjI j ^ l_d!^uJ! jIjc-I djljjlij jc. .Adld 120 

1 1 25 nm l$J jh AjI aSL^. dllj ^jLujjj 4l_uI 

Ja A mil Aiil^s dalj jS-sj ^ jdlfA aSj P*^* j_jli j 120 J-a 

a^A (JjIsj J^aj .A mil AiiljS Aaj3 AIAiaSI L_ul^uill ^^c. jV C 5 ^] 


La jl^)C. ^glc. cAjLaxj aLiiLlI AiSaiA ^^3 AjLujVI 


(Profile) aIia ^.a^'ii dAj jliill 


SUal! AjLaJ AliA ,wTi .(Retrograde-doping) oj^iiLdi AjUaVI dili SUall Alla. ^ 

^ .* 

Clll^iau duj dildj . jA*_SI ajL} j £a Aillc. ^gjj A t,sih*\\A 2)-° SdijiA AjLaij (J£joi diL 

.Anar 11 Aiilj3 Vil ollall Jc. AjLujVI 

6 JA j 415 nm (_£jLujJ LgjlJ JI^Lal dlljjluj^)jl Jj 4 3 ^pal^)*Jjujl l^ia.1 J 

L- 'll Ajliii] AiSjjSI aLjU. ^3 IK^ll ^Ac. S*^* Aa-^Ia CIjLujILq 

lS^AAS) (International Technology Roadmap of Semiconductors) (ITRS) d2 ) L-ojaII 
.liJiiSI J* aJjIc- Alpa dj|j AjI j±1 2_i±-a 1 j jlujJjl jj A_ia1c. aSHa c_daJj .^21.9 

£a (0.8 nm (_£ jLui AJUill .^utiSVI a£LgjojJ 1.4 nm (jjldj Igj^Lojai .lijAjll j 

AliA £a 4 1 .la AiLiSj ^d^x-aA^ ^).lx-aA Alx-ajj 4.11jtIiA]l JjSjlmll 2)-° AjI^iB .IjJjflSj 
CdLill) AjI ^jSI ^jdalj jldj .ajJj-aall 6 LjiLSI (JjC.li-0 Siiall AllaiA ^3 Alajat »>ia 

tNMOS CjI jjluajjl jjII ^ 0.29 ps lsJ^. All .la. Jl I gjUJI (CV/I ^^dojll 
^-dajJ IjAj .0.8 V (JjIjaj Aj. 1 *J AJjljh Sic. dI5i J cPMOS J jiui Jjl jlll ^ o.68 ps J 
AjjaUJ^pl Ajlalill lA^] LT^ jP> Vl A^Jo-uiaII Ajlij ^j! 

I^l\ jC. ^ic. ^\ar‘i\l J jg *n\ 1 2>° ^2^ L5^] A^.1^. tilliA tcii]^ .^1-^ . V4ae 11 

• ITRS Si c_sAA ^3jq^k“il CIjI jjlaiJpl Jjli ^j'uAi dal jjjjjjj j aj> ✓ l’i 


Cj) jjI^JjI jj 4JUj 2^-jj :4jjjUI! MOSFET _» CjI jjIu^jj) jj 7.9 

AjuU^I CMOS 


Nanoscale Mosfet transistors: extending classical CMOS 
transistors 


AcAu^l ^ajuj Lq i-^Aj 4djl 3-2 %30 n jili jlxji C* u^i\< 


A^lSj JiS j! Sc. J-3 - * 0 (ji dj^L-a^ASl L_ fll x^i'il 

4 dj^L-sa j-«di c_flL-ajl AjlillS AJ jjJI (jjjJall Aia^ldJ laS jj .i^_uj 18 6JA c_ac.l_daJJ 

13 ^l^k. (Jt^a*i SfjaiS Ac. jjJ-ia ^.laarjS cc_JJ^)iSl (Ji^Uj.iaSI ^3 Vi SI ^)aJ-ujJ L_fl^uj 
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C5 -iaxj . 2 2016 ^Ic- 9 nm VIjU j nm 

^3 ( j>*, )qxj .*U A<i ) .A-llllill Ado 15 ^ Lg-J LiiIaII ^-IujLujVI dOajai^AlIj dal lU-adll 

dul£ ^lill DRAM A_a5L^Iaa.i]I jliill a^)£lj 4_ilk £j)^a^ c. q*.r-i'i a_jC- (Jj-l^Jl 

A_illx]l Aj^xo-sall dL^Jl*-o]l Ajlij jl V] . d^)Lo-a ^ a]| L_fll x^iil A_jUij l_dj^)lj 

dl^jj^ijai ^ Aa ,a\ Ajl3I.a]| ^ jaII (JlLoAj (J^jLoiI! dLiiixjd do dlC.^)l_d 

. dduill £_ddill 

4 A£- j-u 2 ! AuilxJl 4 m !1 dljliU A-^ujLujV 1 A j ' ll Vail LjUlkl^l 2.9 Jjd-11 

• 2 ITRS 2002 &M dd itij 


Aa*a 1I ^Juil ^^Jc L_Ujill ^gic. 


2016 

2010 

2007 

2005 

2003 

2001 

A.’utill 

22 

45 

65 

80 

100 

130 

DRAM 11 SAiic j! oj)3tn c 

(nm) 

13 

25 

35 

45 

65 

90 

^cJlad! A.C AaI (J^ la 

(nm) lsj*^ 

9 

18 

25 

32 

45 

65 

^cJladl ^ AjjLjjjill AaI_^ 1! (J^ia 

0.4- 

0.5 

0.5- 

0.8 

0.6- 

1.1 

0.8- 

1.3 

1.1- 

1.6 

1.3- 

1.6 

t ox (nm) Aaaldll ..Vn^yi a£Luo! 

i" lAll * ,a — <c-^)dl AaIIc ddiLu) 
(AA^)» >rO 

10 

10 

9 

9 

8 

7 

t^LuiVl ddjLaJ A Ac. 

28.7 

11.5 

6.7 

5.1 

3.1 

1.7 

^Ic Aj^)*_ib-al! Acd AA^)J 

(GHz) Aili jll 

8848 

2212 

1106 

697 

439 

276 

(uj^) 

0.4 

0.6 

0.7 

0.9 

1.0 

1.2 

Vdd (V) 4AaA*a] 1 A_al j3 

288 

218 

190 

170 

150 

130 

(_g^ja ^cJladl ^^3 A^Uall g"u>il 

(W) 

64 

8 

4.29 

2.15 

1.07 

0.54 

(Gb) 11 Ailij utu A Ac 

DRAM 


.A_1!1gV! aa 5 j ^juAlll <Ll£ ja 

.^.juAall Aijla Ai ja 
.^.juAall AAjla <ij^)x-o cJ_3^ -^.ja V 


Ailij ^ aj^)5d Aid (Jdu AAcUia (jSLaJ (JfLuj j» Ail&ill oAiic 
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Aj^)i_x-a]l CjUJUaII ^3 <L1a*Jjoia]I C2 ^ jJau^jI ^)2I CjIjI^J (Jl^lal 
^^3 ^ La] La3j c DRAM II S j)3ay «. <a*«Ai I^jj£ 


^x_*-al CjLujLLaJ 
.2.9 


cIjI jjjjjoJI 45 nm ^ja Ajjljjjill jjjjj^jl j2l CjLI jj Jl jlal jjoj 

(J ^la a]Lj2I 11a 21.9 J^'21 . ^JL2I Mx\\ ^3 9 nm ^1 ^La-isIa]! A_2Ly]| 

J& La] llSjj . Aj^)» i.si\\ CjL^JIaa]! ^3 <LiAAJjoiA]l A.C. j ^J-iaII j AjjIj^^I AjI ^21 
(_£ I t a u>»Ia] 1 djl^lmi]! ^j*)A*sll J^U. jjVu>i 0.7 (_£ jLujj (JaIxj AjI ^21 lJ ^ 3 o - ^]^ 
^alc. ^^)Luj2I 11a ^)aJjoJ (jl £3 jJa]I (_jaj . ^Lx-al LxSjJa Laa ^>j£I AC-^jaiJ 

^j-yy'21 Ayjn j . tjjVud (JA CIjI^Iiuj Cj^Ij ^j-v Vill ^2005 

_Jj£l h/l'i L_fl J-UJ J^jLJI ^Li^aII ^3 ClLud 3 ^21 0 JJ« x.roll jlx 22 1 (JjC'IAa jli t JjUJl 

c 2 .A j'qy CiAj.W i jI^a]I^ £.Ij^j 2I Lg_iJa^)ij ^21 Jj.wll (Jj. aj < a^ujj cL^.^jJaj 

i— a^)x^All j ^).^x^ia] 1 J^JaLiA^ oLili] aMx a AjLII CjUjA (jAx«a n ^^j]| SjLixaJ! (Jjly II ^ uAi 
. jJau^jI ^jj]I p .12 (_pajiaj ^)A o^jJXj-a]! 2 _x_ 22 l (JjC-IAa £Ja] A^oj^La ^jJC- 

^j~y yMl .ij.ly I g g yl jJ ^^^j]! A_JoA_ujVI ClA-j.wMI <_jAjJa <_ja cIIjLuj jo3 Ia] llSjj 

L^_ 1 a j t L—U^uilII Chi jL±j A_x-aLkjj cA1jS^)]| AjI ^ 21 .liul^lj tS^u-aall olilll (JjC-IAa ^ jj-a2l 
tA_L-aj]| iAjjxJI QjJ La l_jj^joJ j c^-aja^II J^i2l J j*1a A -yjVi AjI ^21 

o^jj£^]|j 1 jx^i^C. jUJaII c_fl^)j-aA]l (jjj ^>^1 (^Llaj A^Ua JjLIaj ^ja ^qq2l _j^J*]l j 
.o\jl]l ^J^a£ ^l^.Ly L_fl^)j-aA]lj ^)Aj-aA]l ^jjj ^joiIja]! ^qq2l ^)^*]lj cAjLxjuVI Aj]Ix]| 

(JaLxa CjII aIjAj 2^aj Si0 2 ^jLua]l (J^L*JI ^_JC. AjJaLxJjuj^U S^)j^)j-a A^<j ^ J^J 

j| 3 A (JLa*JjoiI ^jl l^lajj .c_JJ^)jai2l Cj^^A axj V^l (4 ]]lj cJ^^" 

^yl (jj^J cAjjxJ! Laj3 l_jj^juj2I jL2 V 

0 Aajxa L_fljAU ^tj-y yj\l (jl ^^ic. (jjL'n IIAj . Vill A_yj ^3 AjjL^_2I 

L-JJ^joull CjI jIjj ^Jc. Ij J j3 A x>»qy "ia'I oj^2I c." il qj^La"^ j JJOJ J t Cj\lji2a2l LS lc. 

.AjILJI A^^jaJI Cjl^nlaJ L^jJa^)ij ^21 l2]j A_Al^)-ua ^)l^l 

^gjLxJ J^*ja]I gj^W (_ja Ag. j) u^iaII AjI ^21 Jj^j^]j <jl l2]1 c_flLjaJ 
^}-aiaj La 11a j jUJI jUriViUj C_J^jJa2l AllalAJ Aj^jIa]! Cj\jJ_j. W aII 

2 ^a A^.Ly c21jA L_fl jjuj t2]2 Aajjjj . _j jJjuj^I _j2l Vi ^^3 o.^^aII (Jjc.LL2I 
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(j] . cjlc* Jjc. 3-aLt-a ^3 e__ijLa. Aj ‘Ox *a AjI 

Clil _j j!Luj__pl _j!ii ] ^ I I ^Jlc. L_a jjoj U A ^-qj Clil _j jjjuj^j! (JLa«A 

.d^c.1 j\\ Clsl_^L.jj]l Qs-ix\\ AJoSi-La LojSj . (__^LLo]| Aj^jLill 



Ajjx-uail CjIaJU a\\ LjIjjIujjjIjj Ac-jJoa^Ij AojUjaill AjI jJI Jljial ljUS jj 21.9 J^u^) 

2 ITRS2002 _1 itij 


Silicon on insulator (SOI) Jjle- g j%luJ I 1.7.9 

jjl£j ( _ 5 ic. Ig . nm jp CMOS (jajALuill 4 f~. 1 \ Am*! i i \ AiL jJall i * 

(J-aC- Ac-jjoi SjLij ^_gj] d JjUxj-oII AaIajI <jl V] . LLLui (Jj 3 jj La (J^j UJ^..^ 1 

djLuJI (Jx^. SjjjjJa I g die- <LLIa Ijljjfi Cl±jJaj£ &jju«a-a]l CIjI ^ 

^j-a . jLill^ -lia. (3^*^ LS^" Ajxj AjJai^-a AjjC. J j£_^. 33^ J AjL^Jall 

^^3 jjJjuj^Ij^ CllljLij <jj£j (jl AjJai^j-all Jjiu^l Sj.13 dj\ )Da u> ^ x>i“iVi 6(_£^kl A^li 
ClA lU-Vi/ill a3& 3jqVi ^ u^ij j . A_3lc. Ajjc. (JLaxiluj! ^ya ^jj^-alil] £ jjx x^i AJLa. 

^_lc. jjfLiL^' AjLli Lai .6 Jjg x .all ^ uL^II ^jjjjUjoiII AjIsj (JLoxIujIj Ajjx xs-i AujI AjJaaLiLall 
j jSj'ml l till jjlai jjl jj (jSf bj*-« j 3 jj 3 (Silicon on insulator) Jjlc- 

IgjljLt-a ^C.j t^xa^vll (J jx_La (j-a Lfc tAix-ajll Ajljoi] Aju 3 ^ L.^vn 

ILAj . A nx II (jj^ Loj£ AjjIjAIIj ^)L_£lil (j-ajL-a^J .li^. (JaaJj iAj^ilii] (Jjj-jaa. 
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AjciIaII CjI jl«lllj A iaII appall dal ^nPa'i ^^3 cJd^ 

. j^ajt/rs 11 cs^ 4 *SRj^ dalc.LxdVl 

* 

^jj^jl^ill <<Li3^) LS^ jj^* LS^ UJ^ U1 ^ (_^^AJjai djl^jdai^l^ ^g-lia 

* 

J 4 ^jj) < sj\xi.)ll «11 ja£I ^jlj S-LolC. A-Lajoll^J ^jC. C©^)^Lll (_£jl_^.VI 

^3 Aila^j 3.pdal ^llnjaid^j ^jljij^Ia dlLiA j .22.9 ^3 

500°c dc> (jjSjL^ll ^-Lajai d a Va (jj> **»S1 dll jj AiL^Jail 

(Separation by Implantation of Oxygen qi^S V I 3-^' AjIsj) uj^a^ d^l 

A^^jjuill ^jujIj sLauiaII t^^)dVI Aij^lall IaI .400 nm a^Ia-uu SIMOX 

% 

(j;i*A 3*^ dc. d: il^)d As^j^^a addj^A ^-^d-uiiS cSOITEC 

^Jlxll (j^ -0 LS^ (jl^l^^l (Jj-sa^ia ^jjdjdill duj .^JjVl-J AijA-saLo Adlj 

. UxiSV I 3^ JjV'^ (jj)SjL*ill ^_ja 4jLiS^) 4_iila 





.(SOI NMOS) Jjlc- jjte’ U 3 <] }''“' IS j CHO"! ^jjluajfr *Jaia 22.9 Jliill 

s > 

A^Lauj Jc. £.ld dlljj (_s-2 Jjlc- <3^ ^jfLiLoill dal jjjai^l c. ■luA'i 

^pa^)C. (j^SLa 4 1 .1^. ^diS^pl (j^fLiLoil! daLdia 4_ll_^. ^^3^ • AjLjoiV I (_£ Jr^^j (jjiSalxxill A k ala 
C5^] (_£4jM I3kj 3 jSjUI A^Iajoj qa ^}j£l jJjoi^I 3^ &ld3 d ^'*a ^jdaill A qlVlA 

^ic. JjSlLi'l jjloajjljJ ^3 IaI . L-JJjJadll 3*l£ cJd^ LS^ (jj)8jl**i _Jj4juj3^3 

.* 

<id (_s-3 ^ ^'u ^gic. <_£ 3 a Vi ^Ia-ujI ^jjSpxj.) <a3a 3°* 'I** 1 ' a 3 a u ✓aVall cJd^ 

.ddl^A 
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Partially depleted SOI Uj* Jjlc 1 . 1 . 7.9 

cAa! ^21 LA jdd A qJVixi ^^d.^1 AxJI A qjJ-a LgAac. 

^ jJI Idjx. t ‘. ^dUl Jjlc. (JJ^jtUI ^iixJ .UjA. UkVlXl AaIa J jXuJ jjl j!i]l L-d^jJ 

^aXoiUI (^^GXud]l AUI*_a1 A^jLolq A'\y \Y x~a (jV 6 VLgxAjoiI (Jjlc. (jj)^.)Lj.lll ddld ^)j£l 

(^^GXoill ^AxaI j S^lxxUI A_L-a^ll Axjuj A_i3ldaj dll jx<A L-d-axij 

^uAl jjajjj tS^ji (_s^l (Floating -body) ^»jI*J1 - ■ “?■ " 2 K ■* ^ <A jj 1 . d ^aAl 

* # s 

S jj£^)ll ^3 la^LgIU! oAA (jjdjj . Ld^jj-adl AaIixg ^3 ^xiIaj LA^LgU Aj] jj A ~njVi 

^)Ax-^a]I Alx-a^l Ldajl ^j^<a i^j . A n» 11 Ad] ^3 ^j-q ^aJ (3^-J ^ XAl ?^l (j-3 - ^ L) -0 ^}A*Aj 4 _<gjIjl]| 
(_)jjLgJ (JLaxilujV . ^}dl LAJ^uA dl!_jld L5^) IxgLaI djUd-G ^ U*d ^jl ojd^)]l j 

AJOI^J! (J jX_Lg 0 jxG (jIa^ 3 ^)dl Aj^Lui-Q L_lLuiX. ^gic. (J^xAaII did (JliLl (jl fi jd^)ll 

AjIaIj Ax CaIjIa]! ^ 1‘Wi tdi^Ldl (j-o AjAxil ls^J . (JjLxJI LS^” (jj^jLnll 

^aLxJI ^ajaixJI (JjC-LLg (Jdiaj 4 a*A SaIcJ Idj^. 1. U^i Ul (Jjlc. (J^jSjLuJI 

Idj^ UkVUI (Jjlc. ^gic. jjdiLJ ^i'ixj i^JXua ^xa CT^ s-l^^kl dc-j 

. o^AaII j Adi jail AdaidxGil ^Gxdl dll jIa] Aldtdl ^jjj^GXaiil qC. Ia^)x-g !>IaAj 

Fully depleted SOI Us UUd Jjlc- ^ 0 ^%^' 2 . 1 . 7.9 

^j^Jjuj jjl ^)J ^3 A_il*Jl (j^A LxiS A_nJ jail j cJ^ - ^ O^ -0 -) 

(22.9 aJ^UJI j^\) ffl ^ajaixJl J^xLq (J-qIx-q (jV Ixi^aj UUi (jl L_bJalAll 

.lA^k (Jlxill LAjjJajll AaIiLq ^jia^C. ^jl ^)IjjC.I AjV tiilA . Lu^j 1 (_£jLujJ 

jIjj (Jsl Ajjc. A_ii]^3 jL<At!liujl (j-o A n» II (jjA L<u3 AjAjoi]I (JxaII 

Jill L^llAJOllI ^J^3 A-g]I Axol^v I ^jl V] • ‘* L ±^ (JLgXJjujI ^aJ (j-Q J 6 L_lJ^)jaLi]| 

oIaaII dll A dll j jIuj jjl jjII ^ A-aIxaVI La c > u^i )<q\I (Jjlc* UJ^jL^I lS^Ug 

o\a3 (JJC-LLg IaA^-g Axoi^VI A_fl^)jk-a-G]l j ^)Aj-^a]I (JU-g tdlA .S^u^nqll 

cIa^ l 3^J (jj^jLtl ^Idc. (JLgXXuiIj Adi ^O^JjdxG ^)J^)IaJ A-gIi j .^^AaJjuj S^)Xk-a3 

plxlj t20 nm ^ jLd Aa£Lg-ui ^jj3a-g ^g-U-G axo^Ij c 2 nm ^a ^jldj Aa^Lxuj 


ojUa-il CliVd. (J^lc. jLaJC. 1 Adda ^>>i~nI1 Ai£_do ^ ^ 

aJjUJ! ^)j!L_o^jl^)j]l ~ ■ ‘'^- ^j-o c. V't^^ L>° AaajuAII j ^Adl^^. ^aVi dl-dc. ^^gd j AdLdl 

Aj A_dl^dl 
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4_ajoi1Ij • 20 nm Lg-ts oLiill ^la S^u^gll oLiill (J^c-lLa 

ipj* ts^W us* ^ ' ^aIxaa ^yiA q^Aa!! ■ 'hxxtSVl <jl ^^A Aij^)la]l o^J dAl^j]! S^La-all 
(jl ^3 ^.l\{l S^J-a till 3 (_5^J ■ 3-a*^ AjI^II 4_aliLa ^Ic. ^Ic. QjSjlxxili 

4_AjliLa Cj-3^ C5^) C£^.J^ tAixaxll (. A^jx^iaII^j (J^iaLixj £-a t(J^jlc. ^ic. ^jj)Sjlxxill 

4_Loj_illj ^j^3Aa]I .*\ UxiSVl^ JjSjUll ^Luic. AW*n_j .(. A^x^aII j ^j.^x^aII o^j ia x*o ^LiLoiLoij 

4 jaTi <_£2jJ l^Aj 1 Ag )-> u^i (j^-aJ l*1]3jj ^Ic. 

(J ^*_Laj d^Jx^all Sljall (JjC.l_La dila±La]l &1 a C* nS‘l j . 1.1^. <<Li3^) 4-uijL^llA dlli±la 

(J^lc. ^gic. (jjSjlxxill ^ U^aj (jl ^3 jJJj .DIBL l— A^) x.^ia 11 ^jc. 

. J /q u x i a I I ^ 30 nm 50 nm j-a 4jLa!i]l ^ikl o^jUJI 4jlij Lu ja. S 


JUiil 



Joa <_ji ujjLtL^i SjjL us* j» jjjLa jaJI til jj Jjfcia ^ui ij 23.9 JiuiJI 

. { •— iLu ijjjSJVI j f us ‘ “ '*£ " 14 * » iasl j* j*j 25 ^ja1\ qa) "" 

Strain (Silicon- Germanium) (fjJUj^-£j£Au<) AA 2.7.9 

s= fa 

jjliLJI ^a cIl^LaL^JI *3.3.9 ^JaLall ^a ^)£3 1-al llsj 

JjI £j L5 Jc. ^LmAll djl jjlojJpl jjII di^l aSj .(Strained-silicon) -la j^ a aI I 
j *NMOS Cil jjlui jjl jj ^ % 1 10 (^2^. J-^j ^ 1 uuVl -LjJ-iaa 

<a±la 4 _iaI1j .^j^iaaII ^jjSjLxill ^U/ij • ^PMOS ja))H Clll _ j j!luj^)jl ^)J ^3 %45 

dll_j3 Ladc-j .(23.9 (jSxxill j jjjLa^)^.~ (j J)^> J \ x xi <llla ^ic. ^jjSjlxxi 

^ Clal^jUl AiLuixdl tig \a j'x x^ol (_ 52 ll jjSjlxx.ll dl^jj (J^-a jjjLa^^Jl 

^.XXI.V^.M (JS xxi II ^ jjjnlla .Ajalx^'l QjSjlxxill S^)^L ^3 l^La ^ajjjLa^)^. - ^jj)SjlxxiH 
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AjliMI <_ja .A_llxi]l dXaUJ A_Ij£ ^}\x ,\\W <_ja ci^J (_£^j^I21 

Lglixjoij A_L-a j\\ L_JJ^)jujj 2d^l ^g_2 Ig nc. LaI .0 Jjg x .all dl ^jMI Ad ^Ic. 

"UJ^^ aJLiA ^2 a^LAII o ^^2 ^ j ^j.^^iaII £)±s) 

A-iXJ J 22 . (JjftjLMl ^ j£t> Laa (Jjlxll d uLj J *. J3t t>Si\ SiGe ^J^Ia^}^. 

Jl 

dl^JJ^luJ ^2 dlllS^) (^JaAJjujJ tA_L-a ^11 A_X_uJJ LjJJ^ujMI £JA 

(jJUil ^bj^t J j*JI (J-abuj uj| j AjIjJ) (Jj! jC- 3.7.9 
Hi-K gate dielectrics 

y _>« ^,Wl AjaAVI ^ja A_^.^p ^Jc. AjI_^ 21 JjU A£L<ujj Vi ^xj 

• (CV/I (_g-iA^3l dulMI v‘i^ jjlaiJjl jjll ^dLill JJsj ciipk (j-a v21 ^»2MI 

^14^ ^jljj J^2.1j CJ-^* J JJ-sa^U ^)j2 LijjjjJa ^LajoJI Vi ^>dtJ 6^1 ^11 C5^J 

A£LajoJ £.24 .lx>ljl lAjl dbal2 ^4 D Jj^Mi SUall tJjC.li-0 (JjAM (Jj CL_4jo1^2 Jjlaljpl jMl 

* 

<C.^jai]| aMLxJI dAiiAMl dl _j _jj ^ja A_il! (Jda jJ La d.lV ^^2 AjI^MI Aiu^l 
^ 2 j! 1 a 1 I L)^j 6 1*5 nm 1 (JL^aII ^jAjJa ((JllLMI cl^f^ ^ic* j>^MI dL^Jl*_All 

S ^ 

J£4JI) 2016 ^Ic- 0.5 nm j 0.4 jjj l* J) 5jal£-all . \ua5 Vt 4 £Luoi L yai^ jl 

2* 

tAj^p dLiiA £-dj c’u^V^ ^2 a£Lajoi] 1 <jj£j a jjuj ciilAj .(2.9 (Jjd-ll 24.9 

. ,\\kJ\j\ ^ ^joiLiaII a -njVi AjI ^21 ^>a l_jj^)jjjj cIjIjL^ JJ c5*^j^ j 

Aj2 j 2 Aic. 1 A/cm 2 1.5 nm a£Ia^ 2I Si02 W AiLl£ ^ jL^ij 

^St> Aii2^)]| dlLllIall ^>4C. A_1 uUJ^)]I L_4J^)jaLi]| A_lll ^jl ^gij l^lajj .1 V (J jL-4 
a^Lax*j Vij .AiiL2l a£Lajoi] aJIj LjJj^ujj]! ^)L2 (j^^4 t djlj ^ jjaLiaII ^ qq'ill 
jl Iajac^ 20 L ^ajj 2 jj .1 V Xic. 100 A/cm 2 26 L_iij J aull jl^ 1 nm J] ^£)1\ 

S J> 

^—fljjujj .0.8 nm ^jl A£.^)a 21 A_illxll AMI aluj£I a^Iaja 

l_jj^)2I ^AaII ^Ic- tiL^lnl! Mt.tK\l Al2a ji ^jjlnllj ,^>a9 A_i2jc.l ^jj^4 

AjJai^lAll dal AMI aJU. ^2 LaI aJUI dl ^jjII (Jjl'vll 

(Jia dioi^l A_iuic.l {j\h L_4J^)d]l CjIjLu JjSj jl dirs. 

^11 A_^.L^. L—U^ujj CjIjIjj ^Jaju c_a^joi 1.5 nm tjc. 1 ^ ■ ■ 

• (2.9 J 80 nm ^Sjljaij o-iaxJI aJL^. J _jlaj “y;-^ y* 
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SjjLjjiiSI AjIjJI ji JJUJI yjaaj 24.9 

iju 4Jaaljj j*j 4 -ITRS 2002 dLid Lf lc- IjLuc-I 

.(cjl ojjjaiWIj 

AAlLa ^jC. AjJaL*J-ujV^ ^jIjj L) -0 

,\u^l CIijIj ^j-Q K Jjlc* CLdIj Clili SjLaj Si02 

Si0 2 ^ ^Hi-K djlj <a±la (JLaxJjail 13aj • JjSjUI 

• S* t ox AjalS-o Ajjlj^a a£Lqjuj ^Jc. -lal^ll 

K,=(K s , 0i /K m _ K )l m _ K (32,9) 

Jj*il dij jA Kn i_K J Si02 — J Jj*JI dull jA ^ sia =3.9 <2lia. 

( _ j^AJ A" 1 4_1'lc- du3 dill Ojl JLddL Jdd/ . ^l»qll Ajl^ll J J)L*J 

tm- K = tphys 4jUq\l a£LajoJI dul£ j\ 6 jj» Ajal^-o M,^\ 4£Lajoj J^jq V 

^£>\ 

4,J ‘O* x> .luA^I <ijLLa ^1 (J ^ JP' lA jl t^'uJ ^ ^ ^ ^"iVl 

(K = 23) Zr0 2 i(K = 25) Ta 2 0 5 *(K = 20) Hf0 2 1 (K = 10) A1 2 0 3 — 1' i> 

VjIj^Vj 4^.1 jj JU1! VijIj VjI3 j! ^-<21 o3a (JLa*HujI ^j£l .^Ia^jjC’ j 
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Ig *ia >.si A-gj j .AajLoi]| ^ajjoiII A^JIx_a ^a Aiial jIa 1 g,\a *s A’ n*\ ^ja AjA^. 

£-0 (J^sljjj (_£a!I A. Will (JaLx_aj 6^)1^)^. A^.^pj ^I^)A1 ujV1 

t (jj^ilxxtli j (J^lxll ^ ^Joxxi Ale. ^,'mll ^Ja-uill CliV^ AjI ksia ^ja (JjI^II AA*JIj (. (jj^jlxxill 
^l^jl) (JjLxJlj (jj^jlxxill ^JtxJI AsUall j^U. j AfiHall J^Uaj o ^^»9j 

oAA ^^jljtjj .Ac.lij^)V A-ijS aJIa ^‘Will ^Lilll (jV ^»Ia ^ikVl . ^c_j — 15.9 cJ^ xxili 

Jjliii]| A_nlj3 £*lj^j| ^1 £_£AjJ AjjIjII CjIWxxiH j Aj\_x-£1a]I <ja 1 IaAC- AjJaC-Vl 

CllV^-^-ll (j^ AjAxII LS^-3 . C1l>LcL^JI A_i£^}^, LljjjJ A_i3 Jj j\\ (J£LxAA L_1JjujJj ^JajoLAll 

All uIj Cljlj a1^jIjl]I SaLg]I j jj^ilxxtll (t ^ l0 ) Si02 ^^**1 AAiLa 1 xAijl 

i a^I^aII (J^LslII a£Lgjuj oA\j_j ^Jl (_£jjjj ^j\ i^ll 

f ox =? Si0 2 +(3-9/^Hi-K) ? Hi-K (33.9) 


Equivalent Oxide Thickness EOT Aj3Ha 1! Aixx£Vl a£Luoi UJ^ l>^ ‘lP] 

Ajua ( ^£' Lo_jL-a IAj 3 ^jAa^J lAAj » ^\))11 Ajxxi^l A^Lajoi ^j-o (Jal 1 g qylVi ^j£-gj 

aI ^aII oAA A^JIx_a A^.1 jJj . ^Jlxll K (J^)x]l ‘AIijIj AjI^II 

A^JI_x_a Ailij £a Vi ^AVill ^ja ^jAill ^ g-lc. ^ j)Vi*i A^Kx^a 

L-LLxMjjj (JjUS (JA AaIAV-Q a! ^a]| fiAA Uxx!_JJ ^j£-GJ .Ia*> A A-ill^JI ^^^AJjuill 

Metallo-Organic Chemical Vapor Deposition AjjWa*_ll A-ija*_a]| SjVjVI 

t (atomic layer CVD ALCVD) CVD ® ^(MOCVD) 

Cj|j dil jjloijjljj “ i_yz!\ j*jjoiI a jjdVI 5ijVI (_ji lSJ?- -Sputtering jjijjll j\ 
— SI 4jli2j e_bai j* 1.3 nm <SIa^ Hf0 2 Jjlc. ^ 50 nm <_SjV <j!jj JA 3 

-ALCVD 


Metal gate electrode 


AjIjAS jjjjHI 4 . 7.9 


(_j-»Sj .SjUiVI AldiSI JdtLoSI 'j A.il . .11 \q jijJI dll jjiui jjl _p]l dllll OJ 


^^IjilSI j 'i 11 jl jV~. . .N 1 r, JxdiSI aSL A-aj3 ^ JA*Ha]I jj^^lLoiSI a^)^ 

AjuoiSI ^iJI ^Slill t. al a L i A\’ I -Lajoij -Lille, a jl jJ .lie. 4 -Vi» VI dll oLd. 

0.5 jal j fijlLua ' . . 4i ' 4 q - L u' VI . t. o^ji^-VI j J '■. ^./'ll J 4_jl ^iSI l_i£1 jj je -La^liil 
. .\ui5VI j -LI jill jii ( _ s iiill ^lajoiSI 4-0^9 ddadL&ll jj5;'...ll SiLa ^ jj^’ 1 "' (nm 
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1 A.Viat°l .A_ji ^Sij .\UxiSVi Ajt-uj £a <LSjaLoUa L_JjjJaJ A_x_uj ^Aj ciiSA 

jjSjLJI aJj^j <j jjLJI l_j jjJajll Aju^i I^jj 1 1.5 nm Ajj^>a 0-° -\. u ^Vi c1iI£Iaja 
Q±i AaA jjli (jxalajj tcASAl Ayf\'\j ^Aji^Ji A_x_uj (JjxAa 1$jV A-iaAVI l_iLujj£Ij 

^a jjliLaJ' <j1 jj ojLq ^3 4_Lu^-a]| <_£^kVi aKjUIj . _j jiluj^jl ^)j]| SljSj Aji^Ai 

^3 dalj^xx-a ^ \ n/i ^jl (j^ 5 ^ ls^ J WS A-^j^-^Si A_Al*Ai A^ALx-aL 6^)1^)^. 

CjIjI ^ jc. ^UxIujVI lil . ^i^li J_3*-Si AjI ^J i (J_jlc- a-q!>Luj j j! j&J 

.65 nm ^jc. J23 ^^i AjlaiiSi j£c. juc. 

AajLAJI JJxIiAli AjI qC* A_jJaL*IlujV I ^^3 AiLLuAi (J^LouAi (J^. (3“^^ 

^k 3>-q i^jjj£ ^gA&l (J^AI ^k CIl^IaI^AI 3^ jfi (jt J] i^)Lu3 .A^IIaa Aji 

# f -* 5= 

Aic. I x>aji 3*^-*-^i A_^AIjla 3^-^J . IjSaC. AjjJaxo AiLla Aaj 3 . 3 ^ 3^ *^*^Ali 3j)^jSxxiSi 

6 jLq ^)jjL*_a 3 ^ l^°j • ^^*HxAI jj^jLull AA 3 -^-Si <^iSj ( 3 -0 i^£^ cjsi S^i^^ ciA^^p 

^AaxuSi ^)I^)5JjjjI J ^^ji^^Ai jl jiLoiVI J £Aix-alAi S^jj^ixu £_a (J^ij-^i A_1 uj11a 1I 3^*-^i 

Aaj 3 ^3 (JiuoAi aAIj _jJjH iliLLxjj ^ja3^j LaS la3jj . (JiuuAi aJI^j 3'^*" a ^ 

Jj^2kj 3 ^aj 4Ajjuj1_1a]I (Ji-uAI AJIj ClAA ajL<Al ^liujljS .(17.9 aJ^L*_a] 1 ^Sajij A , n* 11 A_il]^3 

^)3 jj i^Aj .oLiill AjLujI ^j!1uia ^Ac. ^S-oJC-Ni Aj^UJI 3j^ 3)-° A n« 11 A_n]^3 

_jjjLAi 3 jJ 3)-° 6^)}x.^-aq]l olii]| (J^C-lLa dL^]) AjLuoj A_1!1aI ^3 Ajj^JI ) 

(Jxjuj aAIj \ Ag ] 3^'\L v ^* a U-J^ u' l "-r 3 ._^' cLALIa . A.y'ix \\ A_ii]^3 

.p + j n + -^axIIaII 3 j^.AxA 1 (Jiuuj aJIj Cy* 
jA Ia Lg_lAJ 4C_flLx-£3 3^JtA Ia L^_1a 4^pa^)jt]l l^_] jl ^A 0 Jc> >>” nx^oVnA ^£] 

Ljj^l 3 j£j 3 I L_io^)j lijl jA 3 ^xa 1I jlni.1 Skju ^1\ ^.1 3 )£i .A_ij^*A A^juxi 

Ajjc. A_iilj3 Aaj3 PMOS j NMOS CjI j jlxu^l J^l] AqLi^A Jiuuj 

A 

cIjIjI^j c** Aa^'uwI ^] 3 *^ x -° ( 3 *° 3 j‘i^\"i"\ a 3 ajjIa tAlj AAvi ij . 1 ^ \a 

cIjI j jIuj^ _>A] 3*^A j NMOS dal jjlxu^j^l] ^ j^Llii]! 3)-° 

a % 

^^ 3 ^ a_1xja a_SIj l£ u' ajI_^j 3 ^xa 1 x^ijl (^JaxjjaIj .PMOS 

_j j u*jj 3 .I^JLajLLujI 3^°^ Ru-To j Ti-Ni Si l!^ t3^ lAjI±uj . 3 j^ jj^Si 

Jjg >S A xt^SI ^is]i c^-S^ cJ j-x-ia^A] (JiuuAi AAij La u^i 3£aj A,Sj UxiSi ^^3 3^*-<Ai A_ixxj 

4 jjjkAi Ai3 ^ LlJiJ Ia 3$ jkll 6 Aa 3^1 .PMOS — Si J NMOS _J! 3 >a JS ^ Aii*Ji 

.l^_^.L^J ciAjjV cjl^jNi 3 >a Jj aj^U. tilliA j 
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Cooled CMOS 


J jj-all qmjajuoA] 5.7.9 


(ji V] . dli ^ jdu^ji ^Jjli (J AC. Ax.^)juJ 6 jl_3^ ^3 (JaIa^ Vlli 

Aji ^li Aiuo^l ^i£> ^qq'ill (JaI£ ^ u*n ^j^ijqVi J^i'q Vi ^jl^Aj 

20 (_£jLd 4ji_^ (Ji * <ali ^jj^Aljaill dll _j jJjoi^j! jjj p\y Vi ^)l JlLo £ya <ji.la-J 

f 29 

20 nm <jj 3 Lo Jj dii jjlaiJpi Jj\\ diU jj JljLI ^i>Vi SjLjj Jjjljla • nm 

.A_i£^aJi djXaUJi jjxd tAdaidiAli ojl^aJi dil_^.jJ d*i . IaJj_^jj 

A_^.^p (_paAd ^jli ill j ikT/q £-a ^ Uxilllj A f\x 11 (jj*^ Ia^S S (J^^i (ji ^Ji sldaJ 
ilAj aJL^. ^Id Vi 2 >aj (Jal (Jja ^.p^iuj S^i^aJi 

(j^AAli (j-Q ^ tiilll 4 >J l'lj . (J^i Ajdu Ajll^Sj A_iic. Vill^3 dc. (Ja*J1_J ^LAjAJ La 

.10 nm — Si ^ cs^) S^Lsj 

^ jJI jj MOSFET <^UaI 1 Jjai^l jjiuO^ j2 6.7.9 
Double-gate MOSFET 

diLALajAli dail jjdli (j -0 *^3^ ^-g-^i _j-o dji ^ jdu^ji ^jj]i ^>j> Vi ^)ajjaj 

.id (jls ilijl IaI liisjj . Ajj>» ‘■■si ^jii^i I^jEiaI (J« <_^i j 1 g aja^Vi ^ic. Adaj^pAli 

Adc. Adi ^3 (_£lli DIBL djxAAll (jc- ^duli ^d_di ^j>»jqVi j& Vi Si 3 jj3 

^C. j-lx-aAli (jC- ^Lj^li dj^AAll (JL^a C > I^^J . ^)di L_U^)jd ^jld j ^paiVi 

.i^iJ^ 1 ^.V^Vi L_fl^)j-aA]i ^d-ili _)d"^ (j^ij^Vi (J^lSa Vi t^ji^li 

<^_a. 2>-° ‘W^SjoiJ CliljjJ-uiA ojlj^J ^i C6_jj£^li L_J Jjjaili <llalA ^)-\ V^l cilli J^iqVl 

2_A Aji ^Ji A_iil jk Jaji Jj V*i Jj O^jj^^li oj ; pu-ali L_J jjJaili AaSoIa ;^^)Vi 

l_Ai3 (J;lA]i ^ U^ljj 6^71 ^JOiaJi (JaLxA CL_fl^aJi __)id (J^ tSliili 2)^^ 

A ~>/ri o^p£^)]i Ajldi jajxaV w A jJaaLiLali dll iSWiAli o^A (JIaj .i jxji\ A fix li 

A_iLl 9 i^jJ5 6 dli^jld (Jjj-a^Jij o^)jj-aa]i oLlili (JjC.liA ^j~n V i A_^.l_aJi 

.Aj^lxli ^^^AbuJi dii ^ jj-uj^ji jyl ^aldaVi Vili Vi]Ijl3 i ^£’ 
^ \ 3-a**i a \ 1 DG FET Slfill ^j^__p^li ^^JL^Ali (J^*iAli ^jiluj^pi^jj 

_j jiluj^ji ^pli i^A Vi AjLj '^^IdaxJ 1 Ag k>»t ^i ^jc. oLiili AjLujIj 2).. u -^1-^-1 i 

8-10 j)^ il (_£jl_udA]i Aji^li cJ,^ 3 Sa i^A^ FET Sl-j AjjIIa %50 j)-^ i i 

1a c.“ il» ~n Skj . A^^piJi o^)i^)^ A^.^jj dc. (Ja*j dii _j jiluj^ji ^^3 1 i^aa nm 
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^JI^aH jjIajjIjj (Jjjall I^A j)A cJjjIajjIjj \t.s-i\ ^3 A'n.wll djL^.1 ~s '^1 j 

^•\Vi jA ajj^VI a 11 ajaj£a1I j jill A_iij Ijjii La-ujjA sLiall ^jJjaII 

32 •• * •• 

. AjjII! CIAjjIuiaI! ^Jl (Jj3 (JjjjajjuJI 


AjI jj 




AjI jJ 


aUa 


4j| jJI (J jlc. 



Aj! _ j2l (J jlc. 


S n ©Uaii n D 


s_n! 

• 1 ----- -^j* i -T 

1 

n + D 




j 21 J jlc. \ 

V 

L A Q 1-^ 

AjI jj | 

- 

1 \_ 

jj^jl."ll aJJxlL a 0 jj£j 





A ' \ s, ^ 


Jjxi^ jjIujJj! jj (v)j MOSFET jjIuijj! jil] (I) jLdlua j£ jUki* 25.9 

.DG FET SUill £ j-Jj- 4 <^1^-* 

ftljall ^jJja ^L^-q (J j*1a jj!lujjjljj] LijLjajc. \« Joq.0 25.9 cJ^x'Iill jjjj 

jA SUall (JjxAaII jj1uj^jI_jj jj .^jIc. MOSFET jjjAujjljjlj 

SUS iS-P^ L S - ^* J ^ilajaiA JJC. jjlmj jjl JJ 

A_Ix3 j£aj Iaa j)A ^^Ac.1 AJS.1J jja£ ^3 ^SvAl ja j^AJ Ia IAAj .Ajjj3j]| jjSjLjll 

^3 j .Iiuijjj I jjj S jj^jll CjjI c” n^. ^jIjjII) ^J^jaaII jjIajj! J ill aIU. 

V c j jJja jjl jliil cJ^ll] AjljIj IjUaII n^k jA jVI 6 olji]| (JjC-IAa u*-il 

H A 

j^AJj . l^2jl_io)j ^a^C. j^AJ jl A_9 jA^. AjLujj ftjj^jll AjLalj j^AJ I^J .ftjj^jll AjLaV 

jjA^j AjI jjll Ajj] j 3 jjj <Jlxi]l Jajl jdll jA A^jLill AliliJall ft jj^jll L_2jjJaj A_x_uj 

o^Aj . Ai^. L_aja. jIjj 60 mV/dec ^ jLaj a j \* '1 jjj t!Ui 

jA Jj£l AjI jJ AjlAjLi ^AjAJ AiV ftljii]| ^ jJja]| ^JUa'I (JjxAaII JjJ-ujjjljjl Aa^-a ft JJA 

.AjJai^-iAll ftj^ll CljlAnlaj] j-aLa. A_a. j ^^Ic. Ijjxa A \» > J J A n» 11 Ajj]j3 


Ia^jc. Ail (jjjj Ail Vj CljXftUJl Aj£j^J ©Jj Lc AqjqA'l cliU! AjLaI jiixjj 

Ailj^ Ia^jc. ^SL c!j!>IaL^J1 aj£j^. jli *20 nm O-q jjSj'xj'l SliS a£Iaja 
jj£I^ <21j^aL^JI cdL Cjlil^ •A-jJai^-iA iVI A_alalA ^3 Clj^lALaJl 

ft^a. J 3 I UJ^ c^jjjIIaII (jjjlil! jAjxxi'i ft jIc. Jia. jj ^lll j c(l0 13 /cm 2 O-q 

jA Iaa I JJJ^ (JjJaSl Aj jjaaII JJC. jjl£ jll ^^3 Clj!>lALaJl (Jliljl jl till j ^Jl i^-flLjaJ . jjjSj 
ftlj^ll ^^3 t ajXjJall jJXJjll jC- (JjVI ^IaaII ^3 ^a-aii I^A j .AjjlxJI CIjI j jJja jj| jjll 
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II Aj£^>^J! ^ja (j V ^xAaJ! (jlaA ajjj .^_axjJaVI ^g^Jajaill (JI.'VaSI ^jC- j 

.^aUl FET SI aJUj aj jllo Ujjaj 2 l£j^ lW*j DG FET 


xLMI ^ja ^1j DG FET ^ u^n o^- 4 ^ *26. 9 cJ^ dll ^^a jA La] liiajj 

^ja (_j£aj j . a^xj a^. Jl ^Jajou2l FET SI A_nj I ^i]| A_nj A_jLx!uj . AIiaa!! dL^llill 

£_ix-a ^a j ^ \q x a\I Aj!^ 2! ^ix-sa ^a dAj^x-x-a a_^.I Ji lg '^1 cali^ll a£Lajoi] ^i3l V’ iaII Jo u^oll 

^Jl a_j! ^2! ^.a ^jjjLaj <j! tiila ^Jl L_flL>Jaj .aJ jJ 3 Saj^Jll ^Lc. cJ_)Sx. 

.A_i]La^.V! _J j!luj__^jl ^)2! Aalj£ (j>»qVi A_iSLja! A^Lola L_llIaJJj t^Lg_uj (_ < >a2 

(j_j£js taUal! ^ jJ^a]| ^JL^aII (J^*iA]l _j jj-uj^jl i^ja III j II (jjc.^2! ^a La! 

A_mJ! A_IL^. ^a ^A Laa (J^-uj! (jjdl^J! ^’^1^1! ta^J^^)]! £_a a A aLxIIa aliall 

Ax-LiLaJI dlLuflj A_la-ujl^J a^J^^II A^Lauj AW'n C(_£^)d! A^_a. ^ja . ^aLxjV! AdLlil!) A^Ja-uiAl! 
A^Laja j! c.^ c^r.)^x«o]l (J-a*-J! .La*_x-£3 ^ajI.ViSI Jo u^o (J* Vi ^2! AjjjjJal! 


^ja ajjj La laAj tAj|^2! cJ^ 3 l>° (cj i!^a 4 — 3 !^)jj£ ^pu-a! (sUall) D jjSjli 

. ^ixj-al! (J^JnJI Cilia djIjjlAjjljjl! ^ a^j£^)ll alxj! .iaJjJa 
A_mJ! cs^ La LJLc. j c^jVI L^.l_iC ^^nll ji£! III ^ j2! A_nj Clul£ a2 

^ q'ic. J)SI ^gJ\ aII J j*1a1I _j jiluj^j! ^ j2j _j jiluj^j! ^2! ^ajajj Ajq'ic. j^JI 

J l <aj^ t jjlaijj! Jill la^J Li^-ijJajj 1 in 3-1 ^ a 27~9 (J^^ill .FinFET 
A^Lajuj ^jUaJj .Aiic.J)]! (J^ja L^S JjLc. ^gic. ^jj)^)\x*i a^jj^^j t> _ s -Sc. aLiaS! 

. Aa.V^a ClA jYq'i (JLax!1uj\j ^1£^.Lj Jo n^i*i ^jl i~nj ^_^2S! A-jjj^jlxxill aliall a£Lajuj 

aaxl<2! Aj! l_iijujjj <aic.^l! ^Ic. J Aj ! ^ J jLc. ^^-aIjj 

aa^jj c<iic.J)]! LijxAAll j ^ax^oAll ViqJoiA .^^udJ! AjLujj a^Ij tAa^a 

aa^j <ajc.^J! ^lij^j! ^j! ^^-3 cAj!^2! cJ^ 3 ^^<>^^11 j ^ax^oAll ^Y'qJo'iA ^ij AaLaiAJ! 

__l^j cA_^. jaJ>A]l Aj! jA\ A_nj LjI^a Aaxjj .AjI^J! j£- 


CjL*_x-u 


u' 


.^Si\ Uas. ji caa!\ aa < sjxa2Ij ^jaxrfOASI ^ YiJo \a j AjIjJ! Aj'jqJoSI c_j£!jj1! 

Jjc.Ua5I aaA Aj^)j^)jJa ^ j u«o^ll dl!_jL£!ijV! L_ S jjaj 

SaLjJ Cy*j A x^oV^aSI a^ix^aJI aLjall (J^c-LLo ^ja aal.^uJ ^>^1 tlA^ic-j AjljqJoll 

.^UaI! Aj^jlil! di! jjlaiJp! jjI! aaA ^ j\jj 


393 




H.- : <jA 4 * uf\\ a) SUaII 4ajjJa1I JjjlLUI CjIjj2u^)jIjS] j&1£a Jjjaj 26.9 J^uJj 

S. Wong, K. Chan and Y. Taur, IEDM Technical Digest (1997), p. 427. 


£Jjoijal li& ^^9 ClboiS^j ^lill ^_nll C5 ^c 4-^l-^ 4 aJ t Ajjoj _9 

<_ja 4aj (_y^ 4jl £aj -ITRS II ^9 S AW^ll 4 _L^^a1I AjL^j ^jj^Abaill <jlij 

Ig KLaa (jU .''Tum 4_jU c^^u^UaII jl ^aII (j-° ^_iL-alii] <Llii 

•* * 

I iLo I ^g_9 4_uiij ^ ^}laj (_£ ill <JI j-uJI IaI . 4ajI£ ITRS II UjI yfn t liLil 4 aaj fl jaj 

^1 tLo^j _J j£I djUlilj ^jjj^aJjuiII ^jC. ^j^\jilkx±xM (Ja ?^J^)lall 4_La_jl_k 4jl^_j -lie. 

(jsix ) ^Ull ^Wq^ll ^9 ^gJaxj L_fljjaj ?S^)S“nA ^£^>^.1 ClaUlij £a ^jIojIxjj L-S^joi lg_jl 
.S Jj)g * A 11 ^jJ^Aludll UjI J jJjuj Jpl JJ .AxJ (, fl^jal IaI dll^Jj-a_lll 



• Ill £jHI ^jIjUI ^jilc-jll ^la-UI Jj*1a1I jjIujjjI jU ^-ajUajj hh%4 27.9 Jl&l 
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Beyond Traditional CMOS CMOS -J * u U 8.9 

dbl (J! ^Jal jb (ITRS 2003) (J^^laSI ^Ja^ld 1 n*n tlbLuj Lb bij 


.2016 j.lc- 8-9 nm ^db^ibl dl^jdu^jl^jbl 

(j-o oj^"ii.flll MOSFET SI dl j jd^jl jj ^\c> du^d ^Illl aJjV I L_ijLdSI 

jl VI .^.jV I A_xdLS cdj-uj ITRS — SI dil \mVi j! J] <DG FET — SI Jd 

d jjuj dLujlL^j dl j jd^jl jbl dl jld o^c- (^-Sc- dl jb ^jun'i 

dl ^ajjj ;<d^)jaiSI Adli dljdl dL ^ . A bSMI Ja&ljj 1.1^. Lm.j>^a ^ \ t, s-i ) 

A_iSI_C» dl j Jjjoi^jl jjS VLojdujIj Ld.} I a\ <o >. <~t\ t. * ilSin La I3 a^ ;AilJaSI I^jjj^ t^lSg’hd 
.^jjUall Ja^)Lbl .lldiJI ^aldllSI ^SVlSS 4515^)11 (Jjd ^^ic. <C-^)dl Adaidd j 
j A-d^a. dl_ij!luj-c J\ (Jj-ali dl J jJjoj J)jl jjSI dLujLLa (jl dS3 ^^Jl dlldaj 

pdddul . ^oj^SII ciSdl Sdl (JjC-lLi I g jSc. ^.x3a i 4.l\'.ida ^Jl bdljj 

(j-° J ^-Sc- *ddc dJLdl ^jjjjpUxbl <jlij dblaj 

c4_ilij)dl dldjjj^SVI j cAjx jdSI dl jjg adl dliS 4_abo^)dl dbtabl 


Aj^jUSI 4 \\) \\ Si «jt£\\ ^dSI J tAjjdadl ^AjfdddSI) dl j jd^)jl jbl j 

5djjj£SI c_iijUVI dl jjIuj jjl jjj t (Nanoelectromechanical structures - NEMS) 
. 38 ‘ 37 ‘ 2 (4i^UI ^*J| Jz!) dl J j^I j < AjjjUl! 

Ac-j^ull JiLu aLuYI ^LLi <- la.S^Q Cj-oda AAldJl dLL&l 28.9 Jiill ljJ 
Jid .^jUjSI djlSI ^-Sb^ l£ AiUaSI dV g'n*il (Jd dj . 4 jlS£oSI j ^dl j 

^glc. JS Wa . ..I ^3j . jLu'VI JjIoJI IjlA ^3 l lut ^ 4jlaj 


j JM *r . >i"n ,4jlaj (J£J CLiLijIuiaII 


Ji] 4x10 9 - 3x10 “ ijl>.all ( fcAl (JalJ^LLullI <alSj (jl (JSjuill 


(jjj (Switching time JjAiill jl) Ja-aill jjj JlSuVl Sa^s ;<jiLlo 

(jl V] . jlui 8 j 5 ^_wliL2l j c A_ijlj j ^J^- 0 1 3 A_ijlj ofLlJ 3 0 


ClULnll jaiflj J cI^jLIaj dill j La (JS ,*\l 4 dljlaa]l lillj ^ aAc- 


dldal jjaVl dlVLaJI cdiL daaLiJt Ada j^a-all dLLuil t- " 'A li . .i A2j “* 

-'Ll 4 ') ixall Cl ^ 'i CliLlxau^a 3.9 

^p3' -d' CD jdj nJjAiiil (j^s j r max j 7" min (ja JS 4^ JIaj j i28.9 
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>Sb 




R 


£i CMOS 





* tfy* 


( JjaJL Aillall) |*jj jit jl 




„/•" ^v, 


. 


(j^i) 37 ’~‘* »'<i" j . ■v ■v ti j A£ju 2I 4* jli!l cjUl&li jbuSfl y jiC JjI 4j 28.9 JLuJI 

(cjUj jjjSWI j f ■ u ii ^ 4 i{u 4Jasl j^> jxj 37 

,7 28.9 fjl 4 ‘j; Ail A£- jli!) cjUlijH AjjjjSj CjUxuijj 3.9 JjJaJI 


jVjJ 

4jI 

UsS 

jVjJ 

4_j| ^11 

Energy 

J/op 

CD 

max 

(m) 

CDmin 

(m) 

Tmax 

(s) 

Train 

(s) 

3E-3 

4E-9 

4E-18 

5E-6 

8E-9 

IE-6 

3E-11 

IE-10 

IE-11 

IE-20 

5E-9 

IE- 9 

IE- 3 

IE-8 

IE-6 

IE- 9 

IE- 24 

IE-3 

IE-4 

IE- 3 

IE-4 

IE- 2 

IE- 3 

IE-12 

2E-6 

IE- 7 

IE-12 

IE-16 

IE- 5 

IE-8 

IE-21 

IE-7 

IE-8 

IE- 3 

IE-7 

1E5 

1E3 

IE-21 

5E-7 

IE-8 

IE-15 

IE-16 


NENS 

4 u ii 


dlljlflJ ^A 28.9 ^3 4_1 i1a] 1 djlilidll (jjQ I.11C. (jl A (jjQ 

(Quantum Aa ^ ^£11 a^m jaA\ j3jj i^lfLoa .Aj^ ala. dili Igil \ iA^ 



J) jI.ic.VI CjLiajjI JU jtloil jjA Jaj <SjIa l-jLoi^. dlc.^^ computation) 

JjLh^'I 4_i1ax]I 4_1c.L^. jdaoll) dliLiJI 4 _iaaj J lg g J jj ^Jill A_J jVI JIaI jC- 
<Jjoi ^^-11 ^9 ©JuLg (j_^£j (jl 4-1 ajaS 1I Uxxil j>k\l £3 jJJ ^ 4jl V] . 1 jIaC- 4 iSaa A \jV*u*ia 1I 
d] J Iaj <l$jUju ^3 4_1 ajaS\1 <Jjuj^^JI dllj Iaj A ql'l'N a\ 1 ^jialjC-VI dlj 

j)Aj . g.1 x^Vq UxV I -li3 ^3 4 _iajaS1I l_11ujIj^JI 4-<ij^Ia]I dl j jiluj^jl jjll 

(_S 311 Spin-resonance C5 -*jj.£]I jjj Jl jjdJjl J 13 a J $Jc.l jll dl jjdijjl Jl 

•Si-Ge 11 jjA £ JJado dLiiL j)A t alljj 

<Li3j 4_ix3c.l dJjdiJjj ^g_3 AjjjJaxJI jl A,f\\ UxiV-ill d J jJxujj! j3jI IaI 
Aj jdaxll dLij jJ&IV I dliijaj (jA . j)j Jlxxill qC. Ld jC- A j J Uxl^Ij Jl£ j ^Jc» u^a 

.(Organic Light Emitting Diodes) OLED * jjdll a*JU1 4j j x >>«' 1 (dl j jJ 1) dji-nll 

> S' 

.<j^A jjl£j ^Jc. Jic.llL (j^AJ dLalldj dl_ijjjj£ll £ldaJ d3a j3 Jj 

tdl VViaII dlajj-alj c4_ia3ja1I l <a^x*oll j)A add. dlinlaj JgI (J JaII I3aj 

<jaa3VI Jc. ic.LJal5 3_Llill didjjj^lVI j cAjjjjI Jl dljjJllj djjxiill dld-sal j 
Jj c LdV'i Jill 4_Jlxll dlil!SJI j <c.^joill dtlijaill &3 a iU^Ti V .(_£ j^-VI dl VuaII j 
<aJ£Lg o3a C* i*\ u«ol J3j ^ A x.roj^ jj 4_3ja jjj£j (jl (j^AJ I31j jaJjuJI dJIj 

jq . 9 I_£_i3 ^jodJI IaI . 42 AjjUo1I I^jL^Hg J 4 Jj 

I^-ujILgj j)\jSll (_£-9 A£.l_ud]l dl! _J A£.^)jaJ 

.(jj J 10 jaJ Ja^Jl jC* lsJ^a) 

*f -» 

j . Jj^ajj J-a3 dal ClAjj^J! CljLij i ^9 j 

4_1jIA L_Llx«l^^ ^jj^a I^JA x^lll ^L2>L2k 

I^ixj (Jl jj V CjLij (jl .LJL^JI djl Jlill dililj^ (j-® S^)A 

CjI Jlill (JaC- (Jaxj ^3 o^J^C. t>” \ dale. j)A^k a c.*’ ^>*1 ^3 c^3l J (jc. 

dVI |"\ IaII j)A 4 J *1 \ A A lllulj d Jl J ^)jjaj .4_JJj^i^lVI dVI.^lAll J 

Lg aJL^JI ^jjj ja ; 1juJI dl3l3j , A^jLaa dl.JjM dl j d Jl J jAd jjl VI . 4 ^A_d_jJI 

& 

j)A jj^A^ll (Jj3 (J^LaaII j)A ^J^xll ^Jc. L-liilill jdll j)A (JJ Iaj C (JIIaII .‘iJX 1 (JJ 

.^UljJI dJjjjilVI Igjlc. (_^ j)J->V*i <Jill dLl^AVI (jj^Vi 
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AjjjIHI jjjj^II c— ujUI lj! J ^U-oJl JjjlLaJI lj! jjludjjt jj 


Carbon Nanotube Field Effect Transistors (CNFET) 


AijUa ^J1 ^ xml j ^jjjj^ll j-° tg_l£ a JJJ^ ClAla j^. C5^ 4-JjjWl jj^j^l L-lijlil 

s .. . s o c s ** 

iuajjVI ( xJaLJI I^js Buckyball ° C 5 ^j CjIj£ 1$j! ^^ic. lg nVl j£-ojj . Cilia jlall 

cClll jia jjlj SiC- jiajjli 1 Qja JU-alt ^^3 ^i!ia Ia jllaSl La! .Ail jin* J jjfLil 

^gJc. L_JjjjVl ^ jjJj^ll Clllji ^ V J . d jia jjSjxdl Cilia IgJljLl <_£ jLoi j 

2£-aJj . JjxCJlj jIjiLaiV! S-ipC Ig la-sj La 12 a j ^Dangling bonds A-alii* J^j! jj 
(Jj-^ 11 jlijlj Lt-a i_£-a jj A jjSl Ltd A_L-aj* L L^o'l jl IdLj^ A_L_xa j-a jj£j (j! C_Ujlj^U 
CL/Caj-a Lg_ij5La ^ j<all Ajjjlill L-UjLV! <■ Cxadj . ^Ajjjlill jjJj£Jl L-UjLIj (j-aliJl 

. jxl ill A_iL-ajxa 1 g'nL.^ j-a j jl VVi Cjl j^-llj g.LjgSll o.li^. 

% 

jxlLall Ajjjlill Cll jjlai jjl jjII £ji>-aj] SiC-lj A_L-a jaII c l^LV! jd*J J 

j-o ^Li-a (Jja_La Cll j jluajj! jj Cl^-ill Cllc. ^j-a iliail £_Cxa J3j .Ax-jjaill AjILlIIj 

A_nj 1 jjj£ AjLujj 1 g'ljlj jL da! j jlujjjl jj]| oAA jllojj .Ajjjli Adjjj^ L_jjjlil 
^j'uAi CiliLij ^2j ^TlVa V IgiLj jjS)Lj.ill A-ojlal! ^-II'n.aII (Jja-lAll d jjCxjjljj 

. 44 LiK oAj^. 


(J jjli jj^j^ L_1 jdl j-° liljA ' JjL^jjl JJ Uia.1^. IBM A^Jxlll CldajC. i3 J 
LiiLda jC. la 29.9 JSdll jJJJj . 45 ^Ldl! jjjjaJjoiII Ajlijjj ^u-ro A^-jjail! ^Jlc. ^.1 j 

12a ^3 .1^.jj .o^jg a a 11 MOSFET 11 A_iia ^^Ic. LajIs ^ll! 1 JA j -0 jjLujjj! jj] 

l_j jdV! ji*3 ^jjLaijj .MOSFET 11 ^ j^- j-<dl dliil A_^jLda Lilc. Aj! jj jjIuj jjl jjII 

^Lj jljjl J jia-Q j-Q Jj*-ll-J Aj*_L-a (J J2k J13 J cJa^3 1.4 nm 

{£ j^-j .ujSjLJI 4^1 l3j^ dicholoroethane (1.2 M) jjl^ll 

jJJ j -0 i— ajXrfO.all j jAx-a-all ^jJjj jfllj 

f jdllmll j -0 c3^J C 5 ^ Aljia jjc. ^ jjUl! l_j jdV! j jjjtlnll 

jjj! j 300°C (jjLuij ojl j^. A-^.jj dc. 15 nm a£Loj.uj AjI jJ! . Jaj,iS1 l-ii^jj 

. jaLoIV 1 j jjjV'a nil j-° U-3^ 0 iS J J^^] t >. a )<-*ijJ (J j^, j . c_j jdV 1 
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ly^i 




JjIiLj <9la j 


j jjli QSiJ^ V J^l 0-» ^ytsui jjJla-a JjiLa jjiuijjl jj! ^Lua jfr jJaio 29.9 JiAll 
Ph. Avouris, Accounts of Chemical Research, vol. 35 (2002). :<> o*f2a') 

.(Ph. Avouris 4ial>« jju 


(_£_jjlj]| JLa-all (J jjtioll jjdijjl jj JoE. dLlll d.d 

Clil j jl i . jjl ^oxj dil dmj dll do. 0jllii jjl V) t j)V I ^ d Loldl do od-o 
J) d^Li. ^ tilljA [joJ dil ( _ s ixj Id .dpUJI V ‘Schottky barrier 

dll _J j!dl Jpl JJ ^ lt~- Jj, II ^jfLoJ jd ~o II ^liijl J..1 v Vj a . dl d'dil >_Ujljl dlLij 

dojis CMOS dl j jlioi_)jl j!i ^ I A ^ r - /jSo^ill j^oa _J» Lg Idj ip ^ill^ n ^^iil O' 4 

.dljjUil (jjjjiil j _ 'jjl ’ll 'r- 


jlu oaaj (_£^iLi]l o_J ojjl ^-Id-oil (J^xLoll aidi jjl - a ■ d : 

jo Jjdal Transconductance jjjc- diL-aj^uj dmJI ,jjj Ld jjjS Jxo dlj diiljSj 

L—l^iiVI J cd ^ lr- dljjjj£iVI 4E^)ua jlllollj - QjSjkdl dl j jd jjl JJ dlL^i ^-o a (Jxo 
(j_jJ^)£ll ^—Lljljl jdj jfLoj a . Ail Jiill ddii Qj)S;l.a'l ^ Iim I jjiS ^ lr-1 LgjjfLl 

(jil .AiUiiil dill* dljjdijjljj dila*-o t3 nm _ll l-a-i3 ciiliLai-o ^gJc. 

1.5 nm ai^Lgjuj ^jLuii Jjjl <j| ^ ±luS\ JLa*Huj! ^ v^j ^jJI dil UdiVill 

dl^nxli]! o^A cf^J} J (jl . dl^jd^jlj A x xd~a j 4d^) c^)j-a3l 4 jI (Jl^lal^ 

<A* 1 \ 0j\jj]| (jl .(Orders of magnitude) jjS dil Wii <c.j,JI ojUj J] 
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Clll^jlj A \kf\ ^jC. o^)^3 tl.1^. o^C.lj Ax^joiII ^2 A jW^u^Sl dj\ n^i Vill j 

.0 J-li-'il ITRS (jjjial! 4-Ia jLk A-iLz*. ^ Ax^juJI A_Jlx Aj^jli A. n jjjfLSI 

cl_jIj£JI 11a (j-o A (Jjj-a2 ^3 Ia^Xj Ax^} 12I Claljlaj]! oIa ClbliS^j 

CjIij 1 C5^ • (j.)>gllSj (_>uj)au*iW CMZ £_a (JajIxJJ (j» £.3 jlj j 

A * \t.s-iA A_3j^^ C!jLqj))o ixi (_ja Aj j;8,<g\1 C!jLqj))Vi,<g11 ^}3^j ^ Sjjaj . 1 g 3 AJa j 6 jlj^J 

djLG^LtAll A_^J1 _xa CIjLg j))ni<Q L)^J . A_pL-a_i3l j A_i3jj^ (Jj)\*s\l ^)j£l A. ali^A djljlllj 

Ajj^^ja]! A-IajIaI! (jxu^iVun (Jj cJala A_ijj^j£lVl CLjLg jJV^SI ^^Ic. 6 ^)j^3j1a 

(j-G U jxj ASISj C 5 -1c. cjU jkloll j Biosensors Ajj^JI cIj U * >>a' 1 j 4 Microfluidics 

.6 Jj)g X <q11 ^JJ^AJjoiII CjLgJ ))^ \A (J3^sj ^lll o^xaII CIjLg ^LlaII A_^J1_xa C1jLqJ))o \a 


Summary 


9.9 


Ia^IjI ^l^)ia <ja 6^1 J Ajj_j^Ja' 1 ClAx j jj^IV 1 ^>±AXJ • 

. I (jLulJ V 1 

. A-IAJ^-aSI Ajla!i]l ^A ^^^AJjall! Ajlij J • 

l^_uJ 18 J£ S^)A iSIS jll Clll J jlill jl.Xlj L_fljUaj ^4 jjl Cllic-LjaJ • 

•(jJA (jjjlS) Ajjoi 40 — !1 

^gic. £.1121 ^ja AjjjIiaI! CljLij i Ax. Llx-sa dll _j jjjai^jl ^dll jljul ^j£a • 

'■ J3* Ujj^a Lr ki. 

. dll^iuj 3 Jj (j/vUJi %30 — J JaaJI (jia^)C. ^jjjILg — 

. Axl u^ill ^3 Aajxjuj 11 ^axaII Vi SI ^ix-al — 

.Ado %30 ^I^Iaj Ax ^jaSI jIjJ^I ^3 ^\Vi ^j-ui^A »u - 

,A_1uj (J£ %30 — 25 j^'ij A qjli^ll A qK'i (jial q*s 'll — 

Vlll jI^aIiujI ^3 jJJj .Aj^jlull CIjLujIIaII ^aluJ ^llx J jloJ Jpl jlll — 

. jIa 1 0 — 8 jaJ cljl Jjloj Jpl jlll CIjIjI (Jl^ial (Jj-aJ ^11^. 

* ^.la^Iill .^ . w • 

. Jj13 jjx ^(Jx^iqSl aJU. jIjj) A.mSI QjJ Lg jIjj — 
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Clilj CIjI ^3 4 j‘qq'^1 o^aUsiIIj — 

.^LLa^i-o ^ u^a'i ^jl o^ixj-all CIjL^ULAI 

.<jjxJ| 4_ii]j3 "M-AjVI ClAjjlij — 

jLpjl ^j-o ^£1 4 -ij^aaB ^LA^ ^ -njVi — 

.^i^^Ull ajjouj^I! ^ jjall .1^.1 uj^ ^j-^j AJ\_*_ai\ 

^j-n Vi\l ^^3 4 _ixj 4 nu^x) Cj\jJl^y\ JJ 4^.1^. <-oj 

' o^C.1^11 ClaliUlillj .viatll 

.Jjlc. J&. (jjSjLJI 

. Jaj)]-*!^^!! jjliU! — 

.AjI^II jjlajjjljJ — 

.^jLAII Si 0 2 ^ cJ^-a (Jlc. J jc. dulj dil j AjI^j ^I^-q — 

^jfLiU AjI^j (J^-a A \ O* a CIjIjI^j (3^ *> a^uj — 

.0 Jj)g x,a\\ 


lojtix-al! ^jjj j-<ujuJI dil _j jiluj^jl jj ^xj Lo diljlij 


CliLij j_jj£1V I — 

ciiLij j^A^IV 1 — 

CjLjj jjJ^lVi — 

Aj^jUll L_njljl — 

'.AjUA ^Jjjj IxIiluJ (JJ tQjfLilui]l (J^-A ClAjlili]l cJ^j VI (j-Q 

; % 

djlj j£-G ( X-0 {jA b_JJ&^)\\ — 

. ^jjULaII Aj^jlj b Aj.1^. AujLujI JjfLiLJl 4_jliL C S^joi — 

CljUlij QA Aj J^A djl^)^3 Cjli ^lc- ^Aq jJo'^ ^gJaj L-fljJOl — 

4_ixjLa 1I j Aj^jlill clAjailLall dal j Ajj C liLij jJ&}Vl£ 4_alik-Q 
ciaLojlv^j bj&l \a Aj^jlj dal J)jg >\j Aj^jLill ciaLo^-Allj 

.S.viae x> daLa^lx-a 
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Questions 


(JjLula 


jl .25 £2cm 2_ic. jjll l^lojlLa (j jL^j p jill <_>« 2ilij .1 

J j 1 400 cnr/Vs ^ jUS 300 K -lie* (jjS)'xxl ^ L_l£ill 

.1300 cm 2 /Vs lSj^ o^j 

V^r> Jxxi^kli ^jj)Sjlxxill ^9 <Lilxi]| AjLujVl ^jI^Lq Lg .1 

QjfLiluJI ^ aJ\^\ dj^yLol^JI _jl -liLo Lg . L_J 

,4_9^}*JI 0^)1 Aic. ^aJjal^JI jjfLlLuiU (J)^. 4jlAj£ L_Lal^.l 

(_£ Jl>*UA IjjLui-G 72/ d£UUJl ^jjSjxxi AiC. .J 

f^usyi 


a£Luoj cSi0 2 /Si 3 N 4 (j-o ^jjjLiall q* MOS c V’^a 4JjJ Jjlxll .2 

<_$ jLouj .0.8 nm Si 3 N 4 Alfkll a£Iajoij *0.5 nm Si0 2 AifUl 

J-IxLq jjliLi 4_iila 4 J^£-g 4_jI ^ 21 ^ = 10 18 CITl 2 AjLxjjI (_£ j 4a*ia 

■QoJq = N ox =2 X10 11 cm" 3 SJUill . 'lua’s Vl A K . « ^jLjjj .n + 


.<L^Luia o^.^] C e q 4-x-ujj <49l£-2l ."nxxiSVi A£Lajoi L_i 


?^Jaju3l (^y&JLl LgAIc- C_JjjJa2l <a±La ^_ya^)xl ^ .1^31 La . L_J 


)a 4i! Lja^ii-G VfB ^Uai]| 4_nl jk C > Uxi^J 

. 4 n» \ 1 4_ill^9 


. VV 4 n» \ 1 4_iii^3 4 


v Uxl^J . J 


^ j^ll ic.^)^. jI^Lg La .0.65 V (_£jLujj <jjc. 4_nl j 9 ^-Li^J lijl a 

? C1l)\ ^al CjI-JLg Ja V 4 m 11 4_nl^9 3a u>i\ 4 -g^!}UI 

aJLola]! ^9 ol a\1 c!j\ J^xxi^aII ijuk \) ^4jI^j (J^x-g MOS ^ ViSa <. ' < jx^‘‘i i .3 

. j V/T£ ^JC^niax CljUajajj-GlI jj\j 4jqjS Ij^x^o j j .2 
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V S8 



oaie 


v/h 

♦•a i 

p-Si 


■Na = lxlO 18 cm’ 3 <jLi) ij jlauij (jjSJjai Zj&j NMOS jjlai jjl jj .4 

o jl .lie. Aiixil A_ill j_ 5 jLaLij c6 nm 'j . XV ' S^Lajai 

.0.45 V 


NMOS (jj _j jliil ^ Mi '-»>«•>'! a UiaI .1 

SJLi. <aaLoi>i (ji (jiajjil .77 K j 375 K ‘300 K o jl Aic. PMOS j 

.0.15 ~ ^ J_yiio J^Lx-a ^ ~1J 31 

77 j 375 K ‘300 K Sjl j=J uUjJ .lie. NMOS —1' ^ J4S c_ba^l .«_j 

4-iS^p. (ji . W/L = 10 4j 2 jjluiJpljjl iV G = 0 V <jj^ La4ic. K 

1800 ‘300 ‘500 ijtiill ^^ic. (^A sUa*_all SiC. 

.—0.8 mV/°C 4 jax 11 4_nl ^3 o jl 4j^ jj (_£ .cm 2 / Vs 
. ClLylAll CjU.jA] Vq — 2 V l x> ljl L_Lul^.l 

<300 K Aio jl-A^ 77 K <^.ja Aic. ^)LA cs^ 4_iiu 

•300 K j 77 K Aic. A.nxll A_nl j3 V<ua JaC-l 3j3 Vi ^j^aj Ajjc. 4_nl^3 xV Ia 

A^C. hjt-uiA 77 K 6^)1 4_a.^)A Ale. ^)l-A CS - ^* A_ixJ .0 

(jAa^ial ?77 K Ale. Yqs = Vdd 4_A^ cj^ - ^ c — cAi^iJI S jl^px 

.2 V c5 6 4ja.jA ajc. Vdd u' 


^ l_j jjJaill AiJa A£Luoi q\j it ox = 1.1 nm ajxxi^VI A£Luai J <jAajjai .5 

•t p = 0.2 nm <^a aaxIq jj ftj' xx i 

?AA*2a] 1 (jjVlxxili L_ljjJaj AAllaj Ajxxi^U 4 jK 11 Ajtjoill ^)1 aLo La .1 

Aju^i ^9 AAxAaII ^jjVlxxill L_ljjJaj L V'l^^ VgALola ^.iLlj ^Jj ^ViVi t^ljl ^_jAa^jj3l . L_J 
A^Lgjoi] ^ x-^l^V I A^JI Lq . <Xjoi 1I t^i]j ^JA % 1 0 2) -0 (Jlxill Ajxxl^V I 

VaA*2a 1I jjV'xxi'l filial tp 
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/ jjl! jIjj Vi (jl diijl cdulj (JL^-a Sic- ^c.1 j3 <JLa*I1ujIj .6 

.1.9 (Jj.wll ^3 ^A La] Ll3j \ j 

I j jiluj^jl j!i]! jIjj v‘i q\ diijl tdulj asA jh Sc, * j'N. s^W ^c.1 j3 (JLwtHujlj .7 

.1.9 cJj-W^ ^g-3 ^A La] lilSj \ ^i^LllI j 

Laj 3 L;jj^)juii]l jIjj o^c.la cCluLj (JL^-a Sc- ^*41 ^c-l j3 (JIa*HiojIj .8 

. A f\x\\ (j 

£_iujj ^jIxj V _j jiluj^jl ^jj]I q\ 1.9 (Jj.l^-]l dUsw-All Jc.lj3 .9 

u\*n <UL^. JuJlij j jd^Lillj jLii]| ^C-\ j3 ^A La .<Lc._^uJ! 

?^a*-a]I “\\W j 

( % 

Llu^ <>Q/I ds <i*s\\ L^jL jjlajjjl jj]I T tr (Transit time) JI&jVI *10 

. 1 <llalA ^3 A W will ^A £) 

aIIoIa]! cJaxj jjjuj^j! ^) j]! (j\ Lja^iaA (JliliVl Saa <]^L*_a ^ ^)Vu*)1 ,\ 

?l1ijIj A_illj3 Sic- ~\\W A. SL^. ^k (Jl£ijVl &-1 a c. 

c4~^Naj .^LxioiVi <alalA ^3 _j j!luj^)j| _jj]I (Jaxj La Ale. (JLjjjVl ©Aa 4_ELx_a ^ ^jVuJ . L_J 
(J jSS SLiall ^3 Q A W /lill 4 _aj 3 (jlj Sljfi j 5 ^p]! (jl 

.4 4 <j]-i 1 a\ 1 ^^3 jJjai^)jl _jj]I Lo-lic. A W x*)I 1 ^li]j 


r^Lill ^Lj4<A\ Jjlc- ^ *11 

4_a^> 1]| <iiLa]l a£L<luj jI^Lq Ia .K = 16 ^Ljj^II (J^)lx]l dulj <_£jLaj .1 

U K (jl (jiajjsl ?1 nm (_£jLo£i EOT ALsI£a ,^u^i a£Luuj ^^Jc. J 

.3.9 g?jL^ Si0 2 

Lo .0.5 nm c£j^ Si0 2 ^5 ^° JjL*JI ^-alLL .l_j 

a^Lajoi ^lc- '^iiu K cJ ‘-^Lj dj|j <iiLal <a^>L]I A£Lajoi]I 

. 16 <_£ K 0^ cP 3 ?1 nm Luij aJLa^.] <1sI£a .^u^l 
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S-luLa J) j-» (j^ajLuaij £u) jj ( l ) 

Appendix A. Useful Constants and Materials Properties 


q = 1.6x10 19 C :E)jjjiiyt 5iA2i 
So = 8.85 x 10’ l4 F/cm : jaJ' ! <iLjaall (Permittivity) 5j^\^m 

Ssio 2 = 3.45 x lO’ 13 

F/cm (K = 3.9) 

s si3 = 6.64 x 10 13 

F/cm (K = 7.5) 

e si = 1.06 xlO' 12 

F/cm (K = 11.9 

k = 1.38xl0" 23 

J/K = 8.62 x 10 -5 eV/K Jil j* CaX; 


h = 6.63 xlO' 34 J-s = 4.14 x 10 -15 eV-s 

kT = 0.0259 eV s jl ji, 5 a 4ic. kT 

kT/q = 25.9 mV :5i j*JI S jl j^. 5 a. .jJ Aic. kT/q 

.rii = 1.5 X 10 10 cm 3 :5ij«ll Sj Aic. Si il ClL^LaLaJI 

Ale. (jjSjlxall CllXaUJ! 

ji„ = 1.500 cm 2 /V-s 
|X P ~ 450 cm 2 /V-s 

5 x 10 22 atom /cm 3 tjjfLLJl Ciljj 5ili& 
^jc- 5iUa]| JjLlaj a 

Si: E g = 1.12 eV 
Ge: Eg = 0.67 eV 
GaAs: E g =1.43eV 
Si: Eg = 8 - 9 eV 

E c ~ 3 x 10 5 V/cm jL^jVt JW-* 

:Si02 — 11 (Dielectric strengths) jU^-DU ^Ej^ll JjUJI La 
E d = 5- 10 x 10 6 V/cm 
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' '-jjSjiuiJl 4 ylU a CAjjjjllu (jS AjuLuj CjUa*jj (t—i) 

Appendix B. Typical Si Process Parameters* 


0.18 pnA 

0.25 pm 



pMOS 

nMOS 

pMOS 

nMOS 


4 

4 

5.5 

5.5 

to* (nm) 

xlO 17 

2 

xlO 17 

1.5 

10 17 

10 17 

N su b(Cm" 3) 

-0.41 

0.36 

-0.55 

0.42 

V TO 

120 

400 

120 

400 

JT ^4 jJaidla 

(cm 2 / V-s) 

10 6 

1.4 x 

xio 6 

xio 5 

V max (m/s) 

10x 

10 5 

1.0 

1.4 

0.64 

0.68 

0.62 

0.55 

y(V 1/2 ) 


. A q\"rN .a £)J& ^ 3 11 djLLa-ujj-«i] 
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^LdjaJl ljLu jjjUVI 

♦♦ **V# ♦♦ W J 

Molecular Electronics 


W&i jij Jjjlit. 


.LujjLlli . LLjL-jL % a c 

■ h jjjfl jJUlaj^uiLa 


. d jjjLill£ t ,jLuj 4 Uj jjjLiil£ 4 jlaIa 


did uxjjI < jlSj l_sjj£j c j^jU ^3 LJ Uaj 

g.1 x^i'q n*il lllj .4dlg_i]l lAJ j.1^ (_j-a <C-^)-uiJ (jj)Sjhxill ^Ac. 4 -ajIHI 

dldj^p^lVl c_Lj^*j oAa did j j3£W I j t<L«^ dljld 

dld^^. (JLa*HujI ^>Idj ^j-o IgjU Lo^-ac. Adj^dl 

lAA ^3 j . Ad jjyS^ I ddnJdll ^^9 dljj^-Q dld^dl ^ya j^jx.x^a dal j! 
dl jjioi jjl jill ^j-q uj^ u' Adjjj^lVI *J)& ^ cj^LuJI 

ijj-d <jl dldj>dl i^yA Kz . j ^jj-aldJI (Jl£dl dLujlLa] J * L — ^ «^l J dlxxr^ll j 

<_£ o Aa^c. dl ^d (j^jlli 4-i^.^Lx-a Aadla U^ -4 ^ l-o ^ Aa j cl nm Ia x^i a 


( ) Michael Zwolak, Physics Department, California Institute of Technology, 
Pasadena, CA. 

( *^ Massimiliano Di Ventra, Department of Physics, University of California, 
San Diego, Ka Jolla, CA. 
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JaxII . dll _jl J ^jj-alj*JI cilL 4 _LgI£-g LlxJailujI I Ij 

jli i-ulUSdl 6^-^.Vl (J-ac. <<jj^)Ia S^_^.VI a* s^^IoIaII 

. b J^-^. V I liitl (JLaXJjojV S.lj.1^. dlljl^j ^.AJA^ll 

. 1 ^a J^a did jJjSLW I daljj^-Q dld^Jl JLaxdl Sjfla di^.jjal 

^Jj ld^2». a^xjj • aS*JI ^k Vj (JI>a 11 l^-j ^LqjaVI ^a ^)j ^1 Idl V] 

\ Jj\x kS-i Ij^c. L_1C. jld (jl 1 g ‘l^Aj 4j^p-G dLujtLaJ dSLu^ jJ ^ U^l ^^Sc. ^d 

(Jj| jUl Q\ Vj • U>ijl ^111! 2_iA^Iill j^ld (J)j tlg.\n LajS dld^^JI <jA 

o^aL^. c." Ui.nl ls^J 6 (jl^VI ^-ilc-1 ^a 1 gjlc. A \x ksi aA ji ^ILd u*al ^axIuiaII 

(JL^-g dj £-gj . (_£^)lVill £-idalii] Aj^)j^)jJa]l 6 jJaVllj ^Idill (jVI 

. JaI-g jl^al jj^Ja Alal^j *AA . a I ^d 4-dJ)^JI did jjlSJVI 


V t 11 a ^Jl *d j.Wa S^pd J^qll 11 a ^^a ^dLj d jjoi 

4_lgI*JI CIjI ^j^-u11a]1 4J!LgI Ajl . daJ ^ Vi 1 1 (. SI^uj \_ljl ^JaLuUJ ^ lar 1 IIa^ . 4_1 4_LgL1 

. (_£ ^uly^ll ^gic. 1 g ^^lll Adll jdll jAl jA 11 ^»lx]l ^jLluill ^_j-GjJa I^ILoiSLIa] 

^adijj cAdj^dl ^uld j ja Vi J^jl^pa ^jjoalij djjoi ;^ajx^i*sll ^ic-j 

(jlald L_fljjajj .Lg_x-al^V ^^3 CS"^ 4^1 *‘i^aH (JaI^xII 1 g 

(^l^pa ^jia^)xj c_fl^joi Ajl^jll 6 *^J>^-^V1 ftlA ^3 A ‘i^aaII A W A\\ (Jaj ^l^l 1 x^ijl 

U_fljJUJJ . ^)3t x^lll ciillj djLajULoJ (J-Gxll A yjv i lg_j Aj^jLgII CjIjjx j 6 1 Ah aU£* 

.o^)jjt x^ill djljj^iiall j AjjjJaxll CIjIjj^^JI ^^3 ^Lj^ll (Jllll ^j-al^k ^^3 LLgLgjAI 3^-P 
o^_^.V 1 1-^1 . djLij j^jj£JV 1 DNA liall (JLgxIiujI ^1 x VAlj 1 *.^jl ^^posLlj l_a j-uj j 

ijj^aall ^3 ClboiS^j tg.lj^)g^ll Ig IVl (j-al^Vj Aj^jlill L-lljliVl ^-ic. A-gjIH1 1_i3j_jj£JV1 

. {^yi jLiolll (jx^a^ll ^ ^jLialll 


AajjjaJl o oA£j ^'j J ' 1.10 

Tools and ways to build and probe molecular devices 


Aju\ CjII o 3^a LgA cViJjJ)^. ^ u^il ^j\j^)j^)jJa (jl-ljl (jlj^^-G Vg j 

Cljl^luJl ^ \1 xjjI (jllM ^jllij^pall j ,l^_lAjJa J&\ jl L_lijjj] Hj^paj 
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Break-junction ”^>jai£ll <jj£j LaA ^ILoIl Ajjjli ojsJ 

4 C jilijjiall (jijU JLa*lLoil l^all c’n^ ^j-o • Electromigration oj^JI 

di^L-aj 4 A\ v’jar ^ Ac. ClAlj^l^AI (_pax3 ^^jllll £_1 «g^1i]I £-g 

oI- 1 i<g (jlj LiA ^)£lj U£l 4 2 k_jl_g_ujl_J ^jllll .ill . £(_£_1^A1 oAi^.j 

^}a)ILg dill AjlU <SjIiL(JI AjjLlXLi^ll CjIjJJ^I (J!)l*lLail ^gAc ^ajL ^gjoiLoiVl 

(- (JjjjII <c.^a^-a ciiLij 1 cJ^-° o 1 a aA!LgI ^ a j 

^-uiaII ~N ,c (JLa*JjujI ^-LaLall 11 a llskV 4_fi jjujj . L_lA.HI <_j-G ^Jojoj £-g S-H-) 

^^Ac lull Aaa^ CjIIjJ)^. AjLijx ^LaII Scanning tunneling microscope STM LS *^ 

^L>i 


Break-Junction technique 


j^Sl\ 1 . 1.10 


(_j^-gj 1.1^. D^)jat ks~i £j 3^) cilluj ^jc <L-a j Vi 

t * 

dlj n iLqj ^kljl ^9 Ajjj^)Aa]l oIa ^3j . Ig-i-GjJa dllA^i. <C ja~\a j! £jJaj 

.^AjLi1i*-ujj (JjIjI j C5J JaUll Jjlll 


<cluAall Ig-A-GJ ^^JulioAl CjjljVq'ill (JIg*I1ujIj £_i3j C^lLoJ ^ U^lJ 4fijlc 

^j-G 4 u^)-g ftjjSj <_gAc (JjVI cJ J - ia ^l ^)A^) Ix-LlLall jl A-UjjJall 

Aiajoiljj o (3^-al Ljajl jl .Polyimide ji^*ILg1I algjVI 

f f > 

^ Kl ^aAAll .lie tilluJI Ja*iSj ^aJ . tilLoAl ^aAAl ^3-^. sljl (J-gxIIujJ 

^)Ji-G^\lll cilLaAl y ^ SjIc-V ^^lils C-lld^l ^gd^J ^aJ . Igljj^G 4 ~Nj"n 4_xuluJ ^^-Al 

^glaxjJa^)^ 3*-^-g yll o J)>^^ (J-g*JjoiJj . y* 

AiLaudl 3.}'^"^ tD^lc. 4 jSj,q1 SjLg ^j-g ^ u^ij Piezoelectric actuator 

*>" 1 Vi £_iJajJ 111 . Ig )\c- A_ii ] jh 3.).^^ (Ih^ AALaxjJa^^ll oJLgII ^AaL 

jjSLilt o^-all ciul£ ^ .Iaja^j (j^. ^ w v‘i ^lll 

■jd 


<L-a^J ^j\\ <L-a ^11 yA ^ yi\\ l^_l <xjUu 1.10 (j^ 

. LiSjjlSa-G l^_i 3 ^Sv^'l 
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(j) j^aIc- ( &) c<jj-ujLaj]| J^uaV (j) t^Ha tiliui 

. fSkil 4u£jj-aVI 4iaj|j]| 4J&2)j«a Jju 2 ^j- 4 ) .^LuA^l £ j-ua j-4 


(_J-0 (JL^-G (j] . Jx.S'l A_L-a J AjVqM oAj^C. AJjoUJ^J Ljl^G cilljA 

c_ ^3 4 i.^xhWA ClA_^.^p Ai^)x3l a j)\ A^_jJ ^ja .V'i^j a^)!^)^JI 

£-Uj (Jj*-dJ lx>ljl L Qo^lTl ^gAj L_1 _jIaj] clAjJJJJ £-0 ifiAjAuJI A jlVill 

l^)iaj J Cjlix-al ^a3I (JjjAIj Aj^jLil! A_L-a ^31 £_L-a ^j£-gj Ajl ' 1Jt 

^jjIaaII ClAjjlij (jl £3 jJJ Aj\i ca^jj£^}3l o 3a u^a <jl 

^jx.s~x\x 11 JAaj qa (Jal ^)1 ,V^i ^jja'n a J)> q 31 ^jjILq <jl ^Jl tilll J^xjj ta^)j« x*a 

IaAj . ^^j^ajqVlll (J-oLxJ (J ^*1x21 I^A ^AxAj Aj^ViU ^ AAi.Vlg.H L_l£j^)j]I t. > n^n ^^JaxjJa^^ll 

.a j>^31 ^jjIIaj ^SV^ll ^ja l-Q 


Benzene- dul jjIII ^Uj — 4,1— cAIija. aAx^ja AjI aJI ^ <_$ 
ca ^glc. l_ia!3I qa ^ jUIa tilluj (J^al . AjjSjSI a 1 a Jl^a'uAj 1 ,4-dithiolate 

A-pl^J Alila Clijj£jj (JjjHI Ax-j-a^-g jIjIgL l_ia 131 ^Jajaj (j_j2 IjjII CLAjj^^II 

f * s 

ijAk i J jU J l ^gi c-ia15I tilluj .Self Assembled Monolayer SAM Lull <*_a^ 

^1] Hj.i^. (jj3S JiLall l_ia!1I (J IjjII Ajca^-q AjjL^. 1 Alila (Jj^£j ^Jj ciill 

y t 

l_j^)2j 4 ^ .^tiiluill a^jlll a^irvj "l)^S A_a1£11j .^Aq'i V 

A 3a Vi 11 alA Aic. AjI ^ilxJj . (Jli3l (Jjx^a^k ^j^ax \W 1 <>>!» 1 qa ciiljai3l li^)3a 
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0.8 J)VlJ L_1A41I AiLauJI Cll^pS dij . L_lA4]l (jjj l^all (Jx*Oj 

2.10 cw. .CjJjill ^Uj — 4,1— (JjJpJI l) Iaj c$' tnm 

2.10 ^laLall t<J^)Vi]l aAA ^9 dm h*o L£-^ ^xxi^ll <L-a^l l_l^_idajJ \ lilrs-a 

^i^ia ^c.\jj ^fLVill (J^-a) 4j! J) . IgVltij <2i3LLo ll^.V Jjl j\\ 

^Ii]| dAjJ^^JI J^C. _jA La LaLaj ^-dal ^11 2)-° L>^ 4-j\i (_paxJJ 4_L-£a^]| 

. l_ia41I ^juj!^)] Jaj^)ll A \f \ dn ^^A Laj ib ^jx*i Vi 



CjUjjAi SAM td|j 4 jlaa-4 AjjIa) V&jla ljU j-ua£ 4lua ^ 2.10 J1L2I 

?&>! 4a£jj^V! Alajljll 4l9l j-a Jju 2 j-all ^h 5 ) • dnljuall ^Uu — 4,1— 

AojLj^ Sja^Li *Jj 3 U tiljai ojjSj 2 . 1.10 
Forming nanogaps with electromigration 

VajL^jS S^)Alla (J^JLIujI ^A Aj^jlj d-L^Lx-aj (_£^)VVI ‘LLa^aII 

Jx^a^a jjc. Sj ^Vutt dJi (j^-aj . (Electromigration) vLLj^l S j^gJL 
lil 6t_al£ _jLiill d_ul£ Ijjj . ^jc. dJjill jjxjj <jl 
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(Jj^^aII ^j£-g! tcilA 6 jfrx.pl djjl_^> (j-a 

<cA \ksi\ cjla (J!Lgj djlij^jj^SVl d^>^-A Jjj V . 1 g'n^xJ ^3 ^ 

<j| Vj . ClLyL-a j-all c_fll ks~x\\ CIjI jb ^ 4A\ 1^-jV 4jj_j^j<g\I CjLjjjjJ^lVI 

Vjl (_£ jjU cilluj ^ u^ij .^.lii-G jaj Jc. dlLu j^jJ^Vl -J^ 3 ] LS^ 1^-!^-*I1ujI ^j^-GJ 

JS A 

^jI^ILg ^3 ^'yMIj ^jjjULaII <J^jli 6 _^»3 (j^£j ^aJ . A_lj I 4 -g^^JIj ^C-LlLall (JLa*J«uAj 
cilluJI ^-o ^Aij c^jL^^II jliill SjLi^3 ^.IjjI j .tilLuJI ^gj ^3]1 jliill 

^ jj-v c i-^\ \ i n\ i 4 i s-% ^ js ^jxJJ ^xl C6^4X-L^all ^ 1 ^\ 1 djl AjoJ "'i "'(~- . 4 n\ n\ a 4 i ii l ^ ^ 

o .4_ijlj^^ll *Q>$ 11 4 jI^j Ag 13aj 4^-g jlLJl ^ ^4 *j 

. dljj£j ^3 <jl LS - ^* 4 jU^t^gII C^Liill 4_i3ljJaj 

(jjjjjj^VI (jjj 4jqq^l 3-g jtLJl jI^Lg ^^Ic. *lL lillij cl nm ^*N. < 1 -N. Q \ 1 

^)ia3 ^jl£ 13! ^utlill (jj&i £-g jl jSjII 1^. <LIS o3a jjl J«^Jj . V.n.W ^jjjj^'i.qII 

(SEM) ^ jjSfl £LuLa]| ~N A D^JJJ-a 3.10 J^ll (J4JJ . ^ CIjI ^)4-G^jlj ciiluJl 

o3a ^c-g^ ^j£-gjj .[c_J — 3.10 (J^-uill] fi-lxJj [1 3 . 10 Jisll] ^-UakjVl 4-1A.311 ciiluil 

^ \ci ^ i. 4 \ i ^-> ^ 4 > Vo >\ 4^4 /*) ,-< > 4 *Q \ ^ \-% \ 4 \ \ 4 \ i ^*< 1 Ml ^ > \ \ ^-g 4 ^ Vo ^\ 1 

lIjIjjJ^JI ja Lg ^_jJa! ^11 ^j-G clj^ijl^LG Lg_i3 ^^1 ia]1 j^W a Ix^i j <1L^. ^)1^)c> 

. jjJjJ^lVl (J4J JaLijjV! cJ^-uj jA Lgj cAj^jlill £ ja^Jl ^ill 



(uj) j AjjLj^-iil S ja^J! JjS (1) c-iAii! 4 J - 4 tilluJ ^jjjill j-uj-g S jj-^ 3.10 j£-u^l 

.(fLjjiil] ^£jj^V 1 .^» -all Al3l j-g Axj 5 iJ-^j-^l ,j^) .I&Aaj 
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Probing individual molecules 


aJ jiiaH (JjUjjaJt JXLU 3 . 1.10 


a (JLoajjoAj ^^3 (JiAll Qc. CIiLa ^Lla LS^* (_j£aj 

^Jajoj ^gic. V \jjI 3 ^.aVn .(dlO (Jj-saall Ix^ijl STM ^33 ill ^-uia]| 

^3 ^jJa^-Q I^Aj . Lplj LujLaj A_ix-a ^,’qq ill ^-uiaII ^JaxJjoij ^aJ c^^J-Ixa 

3 "ill ^-lxiaII ~N A (Jjjl^) I .1^.1 j (JJJU 4.10 (JSxxlll 

^^-ajoij Ia C- 3 'ill ^_uja]1 ~n a (JaC. .IaIxj cCLlllj]l (Jx^qll ^^3 (jjo3^j La! liisjj 
^3 .o^lc. a A^LLa A_alaiA ^jl ^jxxi-^1 (j^AJ A_jl A Tq^s. ^Ic. (_$1 jUill 

L^ujUa ^1 Alixll j ^qq'ill ^joiaII -n a (Jjj ^ qq ill jLnJl l 3^*^A 6 4.10 (JSxxill 

. (Lq^ac. 1 nm (jc. (JiA asLuia (_£l) 1 g 'ia l_sI£ ^jjI^I! ^j_j5Lj 1-A-iic. 

^ i ^\ci 1 1' > ? ^ t nSl l aL^»j * j~n.^ li \ i. 's~\ Aij^lal A^jI-iola Ajjj^^aj ^ l-i i ni l * 1 ^ \ 

^-uia ^j£aJ j . ^)Lil]l c 3^-^A (j' C5^1 L)^ J>^ ^ lij_jl ^)JJ»'il Ail]^3 A-ilc. ^jiJ-ia ^^JaxjJa^)^ 
Aaj^lall tdulj ^aaj jIjj i^ c ' -lala^Al c^IIIa ^1_9jj1 jjjx n lg_l£ 4,'m,ll 

tLpl^j ClAjJ^^Jl A jIx^^a ^jjjLi^j . ^r.J^xxill ^jAj^jLjaJ Cljlc.lijjV A_Laj^k cJa-sx^J 

*>" niTi A_iaj (JaxJI ^jc. t jg -naII (JjjIj ^lijjl ^ W'i ^Illl cAx_^.l^)ll Aj^xlill c_a3 jj 

A_ii] ^ill ^iixliJ (TV) Aiil^ill - ^4^1 aj\ x/T\ t >" Ajl3 ^a ^3 ^)a1^)]| 

Ajlx^i (jl olAijVl aH ^ja .A nail ^ic- ^)I^Lo (Jj*vxxn j AA^^jLkll 

l^.lj V c dll ^ja o^)j» x^i At-ja^a ^jl ^LojIIaII 


Aaj c 


^-uiaII ~n a (JLaxj-ujIj A.m.ll Ail] ^3 — ^jIjj ^gajl x^A ^)xil_Ai 

^j^AJ ^ J^XXIJ ^Jjj|^)ll L_J jlllA jljj ^niaiiiS . L-JjI‘ua'1 iS^ 

.JJjjII Aajxj JI 4AI 



^ic- A Wx xi li JIaIjI jj-uij J *(JJ^ jjy A Jaxjauj 4.10 


. (ljUjJJjSJVI J ^ XXlVl^ A i^JLA Al3| JA J3U 7 (Ja) . Aj jL 
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CllljJ^)aJI Ajj1^3 ~ (_j^aj\ ^qq'ill ^jaaII ^)g y (JLaxJjaI ^£1 

<jl V] . l^-i3 (Jiijll ^j^ajl >/T\ qC. CjLa ^Ixa LS^* LS^J^ (j- 0 l*^!j IjIaC. 

^.Ic. ^)Jj£ ^aj L5^ C ’ Cj' U^ -4 ^ _J^4^ ^)1 . V^a^ . CjLpj.W a! 1 ^paxJ ^jlxj Ajjj^lall o i& 

" ^jjjLaj" A_aj11a (JLa.jj ^11 ^_£jjJ ^ li&J > a!1 (JaI^) ^JJJ ill ^)a.laJI 

^gic. 6(J jJJ AiLjalj Ljja. L*lli ^Ja-x-aJ <_j£aj Ajl V] . l^J L_J^C.^}A _jjC- AjSljJaj 

^aJjAall ^j^aJ .Vnj-t j .^(_£ ^j\j L_l&i IgJaJj ^aJ ££_£^)aJI AjI^J J) ‘J^l 

jlnll <aj 3 ^^9 LiSLjaj \j\jj_j! c. ^ 1 Uxij ciili *s a!1 ^jaI^) £a LaLaj <jl (_£^jljll 

(Disadvantage) AjIja <aj j . jg ^aII ^jaI^)1 aiLaa^Ia AjqjSl j ^u^-sll ^jaIIa! a-^jTi ^jaIIaII 

(JaJI J .^Jajalll £A oAaLxIIa L (jl SJ^)4 ia 11 ClAjJ^aJl ^^.^)a]1 ^C- (_JA Ajl (_£^)a.l 

SAM £JAajll Ajjlill ClAjj^aJ! ^)a Ajjla.1 AJLla (JIajcIujI ^A A IS jaaII jLoaII 

.4.10 7 J^1 (JJ.iaII la3j "A U«n^All" Cliljj^)aJI ^ja o^)\x,ks-i Ai^ jAa-A ^)Jja1 "aJ^IaII" 

Aa jIILa ^ja l^)Jj£ ^)jSI Aja jIILa ^jl .laj (JJxa £<_£^)a. ^glc. "JjUI" A_Lk-sa J^ilaj 

.A_£jLaa Aj^)aj ^9 ^IajAV^ ^ jjJajA £(_£_iaJI 

AlfL tjjjSil (Alkanethiol) jl£WI Jjii JLuujJ o^-oj cJUJI Jj^oi 

* 

7t-conj ugated k a^I^aII cAjj^aJ! 6 SAM ^jaVaII AjjI j Sjc.Laa vpla.1 

(jSajj a Vi 11 AjjI ill Aj.Aa.VI A_iilall yc. I .\)» } J^AiVi c.” n*\ i Alj^la q_j& (jl ^ . 1~>J L5^^) 

^IajAVI jjJa^A CjljJ^)aJI ^jl CjjjI ^3j ^^liill ^jaaII ~n a A_lajjl jJ 1^jl3 ^a Aj^J 

J^LIaII is^ ~3 '^1 AjjI ill SJJC-LaaII AjjL^VI A_iiLall LJjJC. ^IsLia ^^3 Ig ^i^'i juiV 

* 

Cjljj^)aJI ^>J-ujj cAij^)iall o^Jj .Ajjl_^.VI Aiflall ClAjj^a. CjIaLVII 1^j 3 J;i*JJ ^^Illl 
~n a A_lajail^j I^jlS^a J^ajj ^x jaViII AjjI ill AjjL^VI Aijlall A_la_ujl^j ^IajaVI ^ j-»-a^A 

.l^jjljAa^A ^iAj 3 ij^*Jj tt5 Sajll ^jaaII 

CjIc- ja-s a ^^3 jl S.^}iiA Cj\jj^)aJI AjL-j^a AjLaa 

Jxjiill jlajl] (Atomic Force Microscope) AFM Ajjill Sjall JIaxIaL sjj^j 

^ j|J AjjxII ^jS l^£jjaj c^J^j AjI^j j ^> a ! 1 (JjI j Cjjjj tljA .[JjVI 

Ixjj I-^xjas (^l^l *— » (jp 1 ^* ^x-aic- (JIaxjjaIj |A,'m 11 

c. <a/liS‘ij t^^Ull ^Ja yc- Aj^j^)j 1 A-qJ)^ j^ySjtSij . A,m 11 ^_ja A jl*\ a !1 A 4 }-a *i a II ^-lij^jV 

tAj^jill 6 jfiW ~n a (JaxI ^jl Aa'i cilljA .A_A^)aJI ( x-LaliAll oJ^xja AjjjjJa CjIJjjJ 

C. ^)jl^)ll L^l^aj t^JjVI In a ill ^9 .^AjjIj oj 3| (Jlo I^a'i j ^A_J UJ*^ (l) -0 ' ] 
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jg y<Qi\\ (jl£ lili .AJlc. A m II (jj£j Cl 4_i3l_dal SjS (_£dj j £.^131 ^ Wnj iA \\x 11 

^J^}]| a\\^. ^9 LgI 1 ^UljjI ^"lliilujlj ^juia (j^ol cciil.2 (j j Vil I^)jIa-g 

Lg I^Aj (^Ljal g.1 W 'il V t >" )j^ t i £.^jLill jl A m 11 ^lijj J-i c^Jlx]! 

A,h>. J jj SAM ( *J<q'vMI AjjI j <a±La aAj^^a (JjjLjB (j£-GJj .AIIjIj ajj ^ Ux) 

jl^ c.^^Li]l (j^J Ajlil^a ^iiLaliJ ^ jj-sa ^jg yj±j Aj^jIII ajill ^jg ~n >q 

. A \\x 11 Igjlc. x>V’n ^lill a jj£^)ll j 

Conductance measurments cjtuAJi 2.10 

dlljjj^J I-V jliill (j^ajl >n~\ (jjjLiii (jjl^)ia (JjLuJI ^JaLall ^k lidalj 

dluA^I (_yax . J ^JgSLLg] (jVI cjj3^^ O^J . dilflj j^JI (j-G 6 ^)J Xj^3 C1jIc.^G^-a] jl a.^jii<G 

^11^. CllJ^)^.l ^jill ClaLalLiA]! Ajt_^.I^G (jC. Lda^C-J .A_1 a 1*JI dll^JJulLG]| ajj^l 

^cjllid c. q^An lg_Lo 1 >.s-xx \ (jvm L_a jxji I JA ^»L<uaI jUaj ^ jld jVI 

a,2A ^k (Jx^aVi I^jIj <allk-Gll jaill ClaLJI (jia^)C. (j* \ nS,Gj iA\kk .4JjI_£1g 

djLill (j-G l.ijj-G u^j c lM 13k jl C5^i ^)laj ciiiij l nSl . CjLg jAull 

£ 

^juj ^jiil Adlj jjAll <— J ^u^MI j-G jli I 3 . jjg All Ai3 ^k l_j jL^Iill ^k ^S*vMI 

. l_ij jill j ju^-oll ^jjx'n (jl (J^GJ 1 g aM\ 

A^aa^umaW AjL^j-aII j (JjjL^I A^jIjLj 1.2.10 

Contact resistance and quantized conductance 

(j-G L_altjjj tlujj^jj ^LgjAVI (j-Q J?^$ >' JA1 4-gJ 

^Js^-gII lluiali .l_ia 11I (j-G (jjj CaA j±A\ — 1^4“ 

. \ jS nl^XG l^_i3 Vi^qII jx^I <L-ajj ^J<g>*i\1j jig >'l £_L-a Ax qjS (jjLuJI 

l_j — 5.10 Jiifl — j^A (_>^j 1 l — 5.10 j^-uill jjjjjj 

(— S— (Jj^l dale, j.g^.g (jj^j^j^iA dj|_jj (jl (_jiajiijj .LgJ < 1 £-g-g A IjS/lnl 1 

(j-G (jjjoil^ ^Jajoj ^-g 6 jkj Clu^SlI djl^)2 JaJJ ji3 j^l j -0 O'* (jilaJJ H) 

!5 !5 > 

,^3 ^ ^lAr- j 1 ^U-^V A_il] jail- jLjj]I ^uall i ^Ajjj .c_ia111 

CllVl-^. o^xj (Jjjall lllA j-o llll ^.^j^Jl a c l ^ 'J . jl i ^ 'V 1 4 y .\ jil 4_11 a l^ij^ajj 4 _iL^3ja 11 
(Highest Occupied Jji^La ^^lij^. jla^ ^^icl CjUjjj£1Li Allla-o 4jjjJl£lj 

(Lowest JjxjILs jjt jla^ ^ial Ci^j £ x_ay Molecular Orbit HOMO) 

L yi^l . j Laaitj .JaljS jjjjil) A ju^aii Unoccupied Molecular Orbit LUMO) 
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11^9 HOMO 11 i3 ClaV^-^l oAA ^-ujjjj c__iAA]l 

$•(_£ 3^J! diVl-a. L_$^y A_iilj3 &aIjJ>jj • [1 6. 1 0 Jilll ^>lajl] LUMO 

Aa) 3 ^)j)g"]^i ^Jj AjAj^a ^^jjoull jl ^ d }11 Adi, \a }^>ll ClAjjjA^ll £a «. 'll^t^'i ^jl A-ijj^jj^lVI 

* 

(J^iill _j^C." J o^jAUall aAA .[l_j - " 6.10 dll ^)lajl] A_iL^3^a]| ^3 ^ .ciloC 

% 

L5 _a]ti*]|j <_$ ^1 j^uij U^j Ls^ a3j 6 "Resonant tunneling C5 1ij jll 

^_^A j tA_ilLai]l A_iLjali!i]l A-ojIaaII Aj^j^MI aAA ^3 AALujj . ’ Aj^j^MI aAA ^3 oAaLoia]| 


Aj^Ialll ^Jalujj j Ao ^lajl) ( _ 5 -iij^)]l J^ill J3PP Ajajl AjjjLo S^)AUa 


<_ja AjAxII ^3j A-J^>^ll &AA LS^ Cllla^.^] AajULa]! ^A <jVI 

t * 

(jc. (JjLaull Jj liA j£j IaAj .Ajjdac. ClAjj^^- JIaxILujIj Caj^^I ^lill i£ L_jjl_di]| 


.^jjIaaII Aj^jLj A_L^aj ^3 AajIaaII AW ) (_£a!I £^_iai]| 



qa (j^Ajjuill (jAi daljaolj — 1 4 4 — A-u]^i]|— jLull (j/? il *si\ (I) 5.10 

jalada (i_j) (^jladl jjjIaSl A_a£jjaVI AJajjjII Al3 | ja Aju 2 J^jaII ^j* 4 ) 

. t_iA A lj! jA d£ULi UA Jja laA aJI <ja ^jjAjjjSJ) Aa ^jjjLaj 


c." n*s V A^C.^ _jl_nll aIaUJI JaLdVI O -0 AjAxII (jjAj^jj£JVI A^jj 

IaAjc. t^pj • -^al-^l A-x-daJ cAj^ald. cA_L-£a^ll ^^3 A^.jj Ail Cj^- t(^)A ^^Jl 
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AAC- £_<G <XujLiLg (_)jjLoJ <LgjULq £^JOlj SjlC'l (_£^jJj .4_^AILg]| 

(JLaI^I^ 3-i<a*i (J£ ^3 A \x.s*jW i3 £-gj ^ k*-i^3l ^3 a.}^^. ^a3I 

a jlc-j ^jC- <A^.Li3l <Lg jULg 3I dljt£ t ^£1 4_L-a^31 ^^3 JaLojV l AAC> U^ l<aKj . ^ (JIaIjV I 

jLujj ^g (JliljVl (Jl<o*Wi (jl£j c 3-i q 3 ^IILg .1^.1 j 3-i <0*1 <-qj ^jl£ I jj j .(J 3 I 

a W /l) ^a e *»” 1 1^ <‘2e 1 lh upj)^-^ ^4_^jliLa3l j 4_iL-a^o S^aLuLg c ^^.1^11 

(Quantized <aa£Loia 1I 4_iL-a ja 3L a^UaJI a 1 a l_ aj*j .l*I£>L duli j& h j <Jjjj£ 3VI 
^jLoii <AjH« J13L2I ^LA\ (jl C5 i*j ^1 conductance) 

4_<g ^ULg l* u u 1 1 l^_j| i^\ c 3-i < q i V^aII ^Lodll ^-qjULg ^ajUaII a3iA (JiLoj .12.9 k£2 

(J\,x^-i*iVi (jl^A ^3 ^jjIaIII ^^3 ^)l_£lil aAaL^JI Jal_AjVi a^lc-lj (Jj t4_uaij t^lLui3l 

.^11 ( x_^,^)a 3I a^^xll £_£^jliii3 ^j£aj ^-ix-aij ^)!i£l ^joiSLLg (Jj-a^Allj 

t JULgII (Jjxuj j 1 ' ^ ^ £ 1 -}1 jj /jl s jjAII ^jjjL<u11 ^jULi] } j 

Q ' ■ -’"' ^Jl (J^>a]I ^jjc- . j"' * / (J-ig ‘ *u jl jl ^ S' 4 ^-^uj ' 



M 


Ml 


^homo 


Mr 


sJjajaSI <S_$aiS) ^ji Lf-sjA ^A ?A ‘*Aij^ 4l^j AiUa a ii) 6.10 (j£*iSI 

LUMO j HOMO u^USI j jSj J 9 JI J LUMO _»j HOMO —11 

cAjjijii) jljjjl £*>j (i—ij . £-a I ag 1c. Uj ‘Lajjj jjtoi AiUa ^jjluu ' - '^J° I —J.' 

t j*<yV1 Ji l>uVI Jjjjiftfl ,_ji ^ jjS j 1 ul« jjj LUMO — SI jl HOMO — SI 1 ili^il 

. jLuSI <Lu£ jljjj) dSj ij^j jj 
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L_a^jl_da ^3 <Q<Q ^" u ' il<Q ^ 4 j\x*o^a]1 j\ 


aJL^JI 6 AA AlixJ j . iiiLai]l ^jLai£il & lil ^3 ^A^i! *^> 4-^ A^i tdluj 4 j\x^t^a C* Uaij3 

dil^)A (JjIs AAc. ^ja ^ jJ-a^k (Jjul>Lui Qj$LA a^dLi a A •njVi <a1g£jjuia 11 (jlj 

La l^pli ^>-q - j.a\i dal^l3 <_ja cJ^ AAxj 1 g 1 a ^g.xxij ^glill c__iAA]I 

"(3 c*iL C. <a *. ^-i‘V 1 t^3l ^11 C5^J .Ajjj^^JI 0 J)^-^.^/l ^3 4 aa^*1xxiaSI A-iL-a ^ aSI daAAjd 
(J jj-£3^1I (_j£aJ t — AAC. LaJ ^Jjxxiq’i ^j£aJ j . 1 A^. 4_illc. <La jULgJ 


^-a^jS ^^jjJjuj-q ^ij SA^^^aII (dLsUall dal A daVL^Jl AAxj 6^1^)^. A Ale. 

^jIaLg A^.jJ (jjAj^)j£JVi £a ^)jjLgj ^glc. (jjfLa LaAIc-j . <jj A I ^3 

lil 0° LUMO — Hj HOMO — Si (j^ CjVUII ^JA ^) 13t KS1 


dj^Lx-a^Jl ^3 AajHaII jIaLg (jLtdj .^jLilli J^3A!i] S^jjjSx ^LgjILg (_£Ajj 

.(jjAjJJ^lVl ^ JjJ«a Jdll Cl AdjJJ^lVl ^VL^Jl ^JjU l_i£Ijj1I jIaLgj 
<. fljxdall L_l£l^)!ll] <_j^aJj . ^)JC. LiixS (jj^)j£JI tJUlill (JLaI^I lAA AA^Jj 

jjili ^JjjIajII (JA jl AjJJ^^JI dil^AA^ ^ILgII (JA (JLjaII ^gic. 0JJJ (jl 

dl^L^-II (Jx 'NJ (_£a! 1 (c5^^i ^-uiaII ^ a L_J^jLda LS^) ^ QJ* x^ill 

. ax j]l 1 g j (jC. UjH-G (Jx^aqVl 


^^3 ^-jjJa^J ClaVi^-i^ <■ aJXjJali L_i£l^)j]i ^j-G <^jl_lll <LgjULg]| ^ U’l'l 

J^Ji .Cl Lil (^S jj —1^4 — CIjIjj^^. ^j-G <c. ju^iaSI <L-£3 j 

Ale. du^)^]i oAA ^3 . ^LojJo'iASi oA^J A i^aa A Sj^s x\Vi l_j 5.10 

4-aJ)^LSI AiUali (j\ "3 jAj" j Ixj j .o jij l_iAa 1I ^Ajjjil] £_a ^_j-g AjI^J (J£ 

l_iAa1I j Clu^)Ali ^uLgj (j^lj .(ev Axt.s\\ ASij ^aJ AJjIa l_Aa1I j CllJ^)Ali Jajtj ^juo^I 

ClaV^-^ In xx) ^jjjLCili Iaa da' VI A**r \ \ C‘ aj^k ^a t, <aj» x>i 

^jjLgjII ^jl£ IaI (Jj x^joli daV^ cJ^lli (jc. <Sjjjuia 1I A_ila^^JI 

A_ilx-a ^a da^i^-S U 1 ^ A lofa^A oA^.1 j l_AA S^)A A Jo x xii 

. 4-g jIa-g ^g-laxJ Lg i AA j c A^^p^lV 1 J 4 Sx^^li 

Ja^. ^-ajIa-gII (jS lA^. O^Sdlll ^ xxi.Vag.Sl (J^xxili ^ji <ad^, daAl AaI 

Aa^. (3^ij^ (J-axli U^ • daLoj)^ I aSI oA^J ^j\at qll Aj^jaII A,\ f\ xl'nll (J ^)±A 

(jlS a£ 1 il-V Adljill - jldli (j-ajL^ad ^,Ku jA xl'ia <d-aLdll 0jllllll ^-g 

^gjj iAA ^aAC. ^_ja ^3^ *^J ^ 13 J^ AIIIxaII jjaIIgII ^)-adj Lg^S lilld-G 
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£a Ia^aC. 1 IIa (jKj • AL^a^ll Aa jULa ^3 (_^jIaj 1] ^ Aii.Vig 11 (J^joJI ^)jA 

U^a aKaIaII &1a qlj .AjaIxII cIjI j^joiIgII ^a S^j^Aa]! Ajjjj^JI Sj^^VI <jA ajAxJI 

Vi a II ^)aK]I aJjasj AjjIjj Laj SaIc. ^ uAi Ajjjj^JI o j^_^VI (jl ^)^Ajj (jl (JjJaal 

Aj jg y Aj^jli CjLjjIaj ^cIjj (jjj'VJI (jA J£j .AjjL^KII S^^gJlj jl UK nK-iA l^_i3 
C uK (jjAjjKlVU Jaijjj lAlAljj^JI (jl (jAajjU C Ajj 1]I (jlaLiAlli I^jujAi^JI (J^juJI 

(jl ClAjjj^J] (j^AJ VjI tK]l C5^l c ^1 ^-Vj • ^1 ^^^Uja jl VacU o^jj^jjJallj 

l^jjoi^. ^jjjj (j| dAjjj^, oAxl (j^AJ jl 6^)VVI (j^Aj A \j>^»^ 1I j)A Jala A^.lj L_fl^JaJ (jj-al Jj 

.^aaIIVa cIjIjLuia ^>jc. (jaAjj jUllI aJ^U. (jjAjjKWI jjj 

(jA Clljl (_^ll^.V Jjj-alAll ^)JC. jl jjA^I (jl Ix^ajl SAjA^. Aj^Jaj ^)J_jlij ClliiJj 
^S^j^jJalU Aj (j L-alJVI (jjAj^ £(_£ j^JI (jA l_j^}1]Ij Aj^j KlVI ^J^ja ^^lc (jj^KVI (Jjj3 

11a Jjxjj . 16 ,15 UK a jg_^.VI filA ^^3 I-V Ajjl^ill — ^)Ijj]I (j-saJ U-aV, ^)JXJ (jl (j^AJ 
C(jjjll^.VI tilli dal W, A‘i (jjj aJaIua'I aKLJI c-U^KII C1iI_jjj\j ^1 Laj ja. ^ikVI (J ^xIaII 
^^3 Ijjj^Vj A^jLola (Jjc.Ua (jial ^)xI1ujI L$ *^J .Ajjjj^JI Sj^-^VI ^Ij 

oIa (jl jj^. • iS .^UII (j^J^)^]l l_j_^jj! dll! JUaII (J^xIaII CIjI j jIuj jjl jj 

4 \ j ) ^ ii\\ A_nj^aJI \ A_n]ji]l ^Liill (^ajU-a^. ( j^ ^ ^ 4 jI [‘Vm ^3 CIjUI— UK^I 

AjU l_Aajl ^AjaIxJI Ajjj^a'I A^jjjKlV! o j^_^VI aJI^ (j-o l_>A^ 

^KvJI (_^ ^) j^jjJall (jA t cIjHa^I ^a]I (_j-Hjj (Jjla (jjj^-o (JjxAuj (__ 5 Jc* (Jjj-a^ll 

.6_j1j 6 jl l^liKjjJj 

A^jLuj [aj 4-ujj^II lj! jjluiJJI jillj dVi-lfA^I 2.2.10 

Molecular switches, transistors and the like 

^)j-aljc. ^Ix-a ^3 CIjIc ja^a SAC c." ‘i illjl o^jj^AaII djU^xj^all ^ ^ 

< 1 • dll _J jiljuj jj| ^pil ^5 cIjVIAJaII j CjIa ijjIII (Jjj3 (jA A_3 jaLujI Vlj^^)K]| 

.^Jjj^JI (_^ jIiuiaII (^^Jc. AjjaLoi^I ^j-aUxll oIa (jj'q V i A (__ 5 Jc- aJja^I (j^i» J IjA ^^Jaxj 
l" Ul' J CjIa jidAll 0 \ AjjjlJI ^ Aj^jjKW I (_J^jU^Vll (Jlx^alij (jl AjjU A^ jj I \ V I 
. (JHIaaII ^ ^jxjj (jl (lK-<^ AjIUII Ajju^Vill 0jtlill jujjqi (jli 1 11 J <. IaLaj Ai j^>xa 

"(Jj-aall" jjj l^llU. ^)na"il Vi.Wj (JxSj jl-^-^- jA ^^^Ijj^JI (JIajaII 

aJU (jA Ajjjj^. AL-aj ^ jjaM AjjI^III ^jjjxj ^Hj^KII (JIaiaII ^3 (JaxJauJj ."(Jx-aa]l"j 
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(.*’ c La .1^. jl AiaII 4_jI_uLq j!1uj jjl jill j . ( jiL A_IL^. ^Jl ( jj-a jj (J£j 

jl Vj t^J*1^3>.ll jl ^l^iLa _j\k kst _j!^iLa j-a ^Lilll aAuj AjI ^21 A_il]^a ^iiu 

.AjI^JI jc. Ailljill aJI jl (j^. Alill^. ^ic. iaaL^j V jjiujjjljjll 


j^xj .(Catenane) jtiAl£ cs^^J Vld* aJLuLLJ j£-aj Lu j^. 7.10 lKAJI jAj 

Jjj-alij ^Ic. ^^Ua^Uj .aJc. A_alida djLiilja jjJal Lade. Aal^UI Alinj £c£j^l I^A 
JlfuJI (Jjajuj cs^" CliVLL2l ^Jl S.^xll j£-aj o^A u*a A 

Vjl C1 u-uj^jj Clu£^) dLlidl^l jj (Jjilllj liA Lai . (Alklj £_^.l^)-a]|j 18 £-^^)-a]l 

(Langmuir- d±^j jL — jjikS^ Adij JLa*j-ujlj jj*!Lall jjfLiLaJI liDLd j* Aluilua LS ic. 

|_^a js Ajj ^ a*_ll tSDLuiVI j-a Adli a1±L cIu-ujjj ^^ISII Jj^aill ^lajl) Blodget) 
dj^Axjj iA-illc- AjjIjS ClA t.siy aJjuJjoj (J^nJ-an jig ^ II o^A ^c. jLii]| (^L^ iS •& jl*^! 
^ Hysteresis jLlij d^A jA$ . a *>>n ji*j lg jc. a >/i^u A-iilja (J^nWn 

S j\j j LadS ,W"n jLull jl ^ic- Clil J (8.10 J< ^'11 ^>^jl ) AjjJ jaSI — ^L_£lll ^ajl >/t\ 

ls^ Aj^j^Ja j^al-A^I J -did! jail c*lL ^pa i^. (ji^. A_xu 3 jc. c. <al"i Vi dLjsmll dLill^ 

. L_J^jujL^JI S^)£|j j -0 Sj^^VI 



£^jJ! t Adi j aft 11 Aj^jil ^\ a \\ AalVI dAA jd dl . JoujjII ^ A fna 3 4+ jddjl£ AoL 7.10 J^uJI 

^ Ai j^taj-a AoIVl a AA j .^ 5 jLj^£]| jldl q^jL^a ^ t jlaLdl SjjJ jc- Ajjj^a l^JL ,lV«j 

. (A-idj-a^l fl jaftll Ajjlaa AlSl j-a Jxj 18 j^l j-a) ^j-alll 
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<jiUj —1,4 — cyjjj pj ja. Cy> cr^j^ j 32 t-il jWl AjiBli 4 jj£ jj 9.10 

. fLjjiSt 1jt< Alii Jxj 15 J-^ja!I ^>4 uil jjjJI 
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Aj5L}jI£ja]I La ^A Si Jjalll Silk A '^SaaII AjiVI 

([A 0 ]) " A^jii* " : JjJL*. jl i/iK" Aa j .7.10 J^ll J AjjJI (Mechanochemistry) 

aJL^. ^a " <al*A]l " yi^JI j jLj aJL^. ^A " A^. jjAaII " aJL^JIj .([B 0 ]) " AIIxa "j 

.lixj jll [A + ] Jj [A 0 ] A_lLiJI Jj Jj A. j* Aiil J J^JaJ <_£.jjJ . jLj 

Jjjj cAjj] J ll (j^- J . Jc. AW Li 11 ^jjj Jljj]| 4 >j'Vl 1 g Ki.A\ L-lijjJ 

A_ii] J J^nlajj [A 0 ] A_lLiJI Jj ajlc-J <Jajj .[5°] A ,<iU a II aJL^JI Jj jljjjlill 

(Rotaxanes) CjLLu^IjjJI l^_La ^^kl CjLLJ}^. u^^" 1 a-$jLaa ^jtjj dnlc.1 Ji3j .a_2La 

.(Jlloll Jfu Jc* 18 £^.^JI Jajl) 


^JI^aII (J^-Sa]! _J jJjujjl J AJjJLia]| CjLij 1 A Ag a\1 ^)A J 

Jasljj <. .6 cJ^ ^3 < L si j (_£HI AjJUII L_uAjVI jl (FET) 

% 

a_ia J allj ^ ^uA’i Jll (Single electron) ^ jal<JI Jjjj^IVI CjI jjlaijjl J 
ajjila dAijja. ^ja JJ3I 11 a ^ja jx ^ic . £_ix-a jil*j . Jllll J-aiJI J (Quantum dots) 

ciill J ^xjj ClAjj* Ajjj CjHj^)^. ^ja A* h^i . .li^lUlL l,Ag a Ijlajj 


£_jJaj Ajj* ^ Jj Ljajl iLj^j tlljLai 6 jj£aa 1 I ^ilk-adll djLiiij djLp j.ka Jj LL^)^. 

— (jjjJI ^ja ^ ju^aII J jVI ^1 jAjll ^*jj • l — l)^ ^jIIj ajI^j 

.^JL^JI FET JjJjaJJIIj A_x-£al_kll CjL^.jj 1 a]I (JjI jl ^ja 1^.1 J clul Jill Jljj — 1,4 

1 *\Lij>ai £(_£^)JI (_£ jJ-uia Aj jj tLiA I^A (_ja J)WJ A iSaa Ajj^J 9.10 cJS x'lill 

> «! 

.Lij*-aAll Jj ^j.^^iaII ^ja iS^)^ A. (_^L11 x>iM AjI^J A_il]J °^ c ' (3f^ ^ 

AS il J t ks-x\ ^Ja j AjI LJaj - 1 ^-j 

a-ajJ^ iaII cia^L^ AiUa ^'Jl AJaLuUJ ^-3 AjI ^1! A_ii]J (J^xIa LqI .AjI^aII 
. JjjJI j^xll J Jia. AjjIjajSII ^L ^a£ Jj AauuIIj 


cAJL^JI oAA ^3 .C 6 0 UJ^J^' (J^*-LaiL ^}^-l ^)J 

. 1 Ag ni ^aIIaII Aj^jlj A_L-aj ^a l_ia!11 Aaj1j^)^£11 ^ CIaIaxjjujI 

SJJIxjlaI! C6() ^ Cj (J jj-aj ^a^C. jl,A^ Ajiki i ^-\a (JJ^a ^ja C^q ^ L r bal ^)J 

A_i^.jJ CjIjjxj CIj^A jSi ^3 j . jLiill o J ja ^JaI 6 AjI ^Jl AjjIJ ^jjjxjjj . aAjas J Jj 

^jl Jsl Jj tilL Cjj^)c. j iI-V Ajj] J ll — jLnll ^j-ajL-a^. ^,Wu J (J^jaII 

Jajl^ 3 L_iAlll ^Jajuj Jj AjjodlL A_1 aI£j C60 JaVI 3^ia i\Ij ^Jl^l aIaj]' 

.(10.10 Jittl 
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r (n-1h 

60 



jjjUII j ^b- IJj^- 9 Cgo *t$ jail <jjLu (*" J (') 10.10 Jlbill 

^kuJI ^Jl jaJ) uJaJj .C 6(l jl (jjjjiSI Jjsljj La-liC- (u) . (jJAiil Luxa JjUlaJI 

4£ ^1 (ill j LS^jiJ -(image charge) 4 jtjVifl 411a-uij Cm cjiLaUI 4^jli 

. ( Aiil jxj 3 ja!1 Cy) •C60 

.l^lj dllj dll _j ^)J ^jial ^)*JjojI Idajl o^idVI 4_ijVI 

lSjjj -“(Devanadium) ^Lull ^jjiblallj “ 1 [Co(tpy-(CH 2 ) 5 -SH) 2 ] 2+ — S' JLuCIoiIj 

dilli^^.1] ^j| HI _jHI I . <J j^U Li^-ida jj Lojoi_j 11.10 II 

•* 5= f 

dlda jJ ^HJ 4_L-£3^1l ^LouV Adlj^)^ll II dll^aa *H*ll ^aJ ^Vjl lAHl ^j-Q iHLol ^^Ac- 

^ ls* -aPjJ&iyt ' _^uia. dlj dll nail (J^axj a dlldlj)^. <jl .Wiajj . HjLoj 

«. ^Aa-^aII <d!aHI ^Lnl^ill^ 4 jI^ 2I (j-o £jlHI _jld]l t ^JL^JI 

.( JIHI J^HI jtsl) j jilHI ujj^V 1 dll ^ Jr 1 CS^ LS^ <^Louj ^gajl 
(j\ t/i'WV £(_£^^JI 4_iLUL AiL^lc. dll A ^ ^ill lAA <_ja ^Hl (jl l^)lajj 

is^ Li^^d -0 <dJljj^3l S^p (j! ^_^.^a 1I (jls td: £j {j?\ ^3 a^.Ij (jj^jAfHI 

. jJjai^jl ^yl\ I AA (J-aC- 
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Electronics with DNA Ua 1I cjLujjjilj 3.2.10 

jAj t dil 6^x1 LgIa dAli^aJI a w J‘A\ Jij 

^3 LgLojaI A_Iiij DNA L.21I LS - ^ t ^Jt/rs 11 A_^.j j . \W 

JjIjj ^4_AJj^aJI CllLij I ^^3 aJLaxIujI *>” ^xll 

O^Iaj LaA ^a-lijj t Sjjuj CL_AIa£JI I^A ^}-Q £ (_£^ A_Lllaij ^a^C- ^ l^A A_1 aAI 

.a_aa!^) 1! AiilL^. ^jc. AilLa^j 

£-« base pairs Ajaclill ^1 jjVl <>s <LoiLoi (jj^-a ujj^- J* tiill 

:Ua]l ^ ac.1 j5 £j jl lilli a j . j^mll j cjlAjaijall ,j^i (Backbone) jlia 

.(jjjljiJIj jAi^i 1 tjjjjjjjLuJI t 



V(mV) 

[Co(tpy-SH) 2 ] 2+ _»j [Co(tpy-(CH 2 ) 5 - SH) 2 ] 2+ _» 4*L (') 11.10 JiAS 

Abli^iil CliLjLaAli jjjiil I 8<*ilSll 4 AiuiIjj [Co(tpy-SH) 2 ] 2+ U » jj^a (i_j) 

<tilSa-» 4 jIjj cjLulja jjc. /-F Q^ul^ai. .cyclic voltammogram 

4bSi*nU Ajjill # jill 9 j>ua L1*A! 9 Jlaj j t[Co(tpy-(CH 2 ) 5 -SH) 2 ] 2+ — 11 

[Co(tpy- £y» p' j i i n a JaIj f-isj^ IjAl 1 UU4 . Ujj)| s jj^oll JIaj j tAjjjjaall 

.(jAUll *ii!>. J*a 21 <>) (CH 2 ) 5 - SH) 2 ] 2+ 


^jja AW j»*ti (Jij ^j-o -li-lxll ^3 (_£ 

c^U’Wj li^ll ^jl ^uj j . j« 1 aj La ^Ic. AjJoSLiIq dljl£ 
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dlL . AAjlAl! d-L^l^-a^All j d_L)Lx-a ^a1! <■ d_L)L-a^Al! 

% 

^Al! ^ ^ 1 sj^>Aa ls^]^5 a II li.il! Viij (j -0 l!^ ^gA! A_x_uA ^1! 

Aj.iC.lAll AAjuAjaII (j^AJ C(JIja 1! (JjJjJ (_^ C * • IA& L5^ J^l ^ j ^1 1 y^ -V 1 ^ ^ k ^ 

^jI^AaV! ^ Jj^jj^IV! ^)jjLojj a^jl^^A! A_^,^pj SiLdaAll d_lli ^ jV! J Vi^,jAl!^ (J^lall^ 
li.il! A i\»«o ^a A_A! (jla !A1 .4_uL-a^o ^)-a!^V ^3 ^jijji L^ ^-)J)J dAjjliAll^ 

,*A“ijm i L-J^)lVlll ^paxJ ^ia .Vi2l A j>>il j d Uajl <lix-aVl (4Al£ja)! .i^,! ja .i-j.W'llljjj 

^iilj <JJ j! jxl! C. ‘^^'ij . LiAAj Q±l\ jxl! .iC.lj3 (JJJ L_J j£lll ^ U^IJ li.il! ^jlj 

(jjj .icA^a AAjuAjuj dlliAj . L_J jijjl! £jJa^xul <jI£a (JjJaal ^y'lxj !Alj coAjoi^I 

q±i 1 j'qq'i ^)aj (j! l_j jiijll ^j£ajj . ^.qqill ^j^jxII ^Ia! I J^L^. 1 g V*-i (J axA djliul ^xl! 

^Ac- ^-^Ja^U ^Aj Laj3 3.10 ^AaLall ^>lajlj li.il! (J^Aa ^^^Ac. (J^AjJ (j! J C(jjj!^xl! «iC.|j3 

. ((jAil! djlill (Jx-alij 


^ l^_i3 L_JjC.^)a 1! (jAil! <j-al jV d"*iAj V i3 4i! £a J t^JJ^l! ^^ixllj li.il! L-L-aJJj 
4 (JIja1! (Jj±uj ^1x3 .A_iJJ^^JI djliJ jjp£JVI ^ djjj£ S^jli !A ^^Ajj 4ila m a djllniaj 

(jjj (Jj^a ^11 li.il! (^JaxJjujI td£A_ujV! oA& ^li^al . li.il\j Aj 1^-° dl^A-u! ^jial ^)xAjuj! 

% 

A W /till ."Ijj Vil li.il! l)^ 3 ^ o^Ix>ia 11 djlijjVl (jC. j ^jjJj_jj^]| 

. L_iA All ^1 djlj ^ jI djlj^jlj ^ ClAijuj jill CjIc. jA’yA (.5^ AJLuAI 

^ jLoU A£Iajoij <Li3^ cil^LujI li^l! (J^ 3 ^Ac- ^j^xa]I ^ja •1}3 -q t> . L$ J 

I^La*Jjoi 1 ^j^AJ J 6 ^1^. Clj^L-a^A 1 0 Aa ^jl Jl^. J ^3 J . dal ^ jAa ^ jLllI ClA ^xli£. 

% 

^j±i \_aj 3 Ij^ll (JIa*j-ujI A-IjI^aI ClljJa^)XJjajl ^3j .A_iJj^^AI C1 jI^)!^]I ^jAjJa dj^L-a^A 

Ax.liLa IaaIA ^1 All a Vi II ^a.W'nA dnW (JaC. ^ <^>Jl Sj^vi 

CjIiA j_>J! j ^*^11 (j^ AAjLiIaII djl jdlAll (jil^AJ! ^ja Ax. j^Tk.o clAijjujI ^Aa . 

^j£aJ AAj^)lall o^Jj .(l^A ^ j^*a dlLai ^lj li^ll (JI^AaV AjjIAAjI Aj^xa ^.1^^.^ 

O^A ^j£aJJ . ^jilj^XAA jjl'iliu ^J±l Ajjlc. ^Ua djIA \j^ (JjuJ^yLuJ ^)A (JjA^La]! 

^^)VVI djlil^AVI (3-° d^^*AI dlliAj _jl g ~n\ I_x3^a ^)3jA ^jl AjjUII ^AsLIaII 

bMx a j ^ILAI Ajjjlj L_AI j3 ^ u^nl li^ll c. V.ro"n ^^IlAI ^jlAll a Vi II ^j-al^V (JIaxJauV 

djVI-^*jjajV t> _ 5 Ac. ^^lAa!>Ll 25 ^^.^)a 1I Jl aJ^xll ^aII [^jllll ^j^ajj .A_mll 

A_AIa^.| *^^>Aaj CJ-^" l |X -^jl dilA (J J^JJ C5^ ^ I^aaII li^ll 

_jlAaj ^^3 1 g *1 a \ x>»ar \ ^a^)x j ^All li.il! Vl^dA! (JIAAjV ^ *i^aaII djLAV! ^1 

.^Ixll l^alljal 
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jLull (j£- J-aC'HaIIj A WA\\ Jij CjLIT 3.10 

Transport mechanisms and curent-induced effects 

tig £-ix-a ^)j.«o*1*n,q 11 lAA -Ixj 

jliill IgAWj Jti\ (J^C-IAaIIj A W ori'l CjUII (Jjj-alij ^J! JUiijVI (jVI 1 Tl^<oJ 

IjA . 1 g l^C- ^jC. S^)^3 InliaM L_fl jjuj . CLabojlVi^ll tiiL ^9 

many-body ^L^VI 4ll*lL<dl tilt <j^aLkjj tA 'i^^ll cliLJVl ^j<q> <joi31_Lq 

^1] oJjxIIj c£_3^1 ^ x^Vij t(Jj-aC.I Ai^)x-G i. > lUWi IgjV t^^llLa Kondo i^jxAaj 

S^AUa Lol .(J1U 28 Jx\) ^u^» 1 ^-<dl a.ig-j ^ cIjI jjoi1a]| 

Jl 

. ^3 ^^jjasljj L_fl^iai3 jjJ&WJ ^qq'ill 

iajljUt Jjiill jjjc 1.3.10 

Resonant tunneling: coherent and sequential 

AiUa ^ )t\'ij (jl ^un^ll ^aj^ll cil^KiJl 

(Tunneling) j-a£ll Jj*_L<dl l^A .4-oj3UI AiUJl ^U"ix>j ^jfL 

(Wave ^F( x ) A^.^a11 a! Ij a S^jaUsiII (jc. ^*jj .12.10 cJ^^ll ^^9 (jj^ll 
L_jj-Ja ^1 tl^P ( x )| 2 = *P*( X ) l P( X ) AllixJl 42 aj 3 function) 

. x u^*-* ^ua>l l JLol^.1 t (Complex conjugate) ^^*-11 l^lal^j <1U1 

JU'Wl JLoilxJ ^ ' (12.10 ^j-l-ba]) j AiUall j^.U. ^C. LlLuI <11^ XoL^JJ 

• 4x.lijjl j j^LJI L^Ilj ^_ya ^)C. ^Jc. ^_ya 4-g_^JI ~ II 


V 


a V|/(jf) 4 a 4j(jj (Jtj&aJ fjaJI j^Jaj .AiUa _)aIa jij jj*j ^iua 12.10 jLu^l 

.(AiUa CjIjajj {jl axd lIluu! 4^ja! 1 4j(j ,jl Ja^V) AiUal! ,jji lxJajl« (jjAil) 

cjVUII ^j-o ^1 ^2 (jl (_j^^ i jA jVl AjL-ailiujlj 1_1 a3 Lq 

(JJ jl A Ix^a j .^k^l t-jjL^Jl Aic. <jg.:V^ll j ^)^.LiJl L_ul Jl^.1 AlHai/dl ^6 ^)-«i!1uia]1^ 

l^_i3 ^ ^Jjai t AlA ttill ^JaLs-oll 6 J_^Aa11 L_JjL^I1S1 

^Jajjj^ll <11^1^11 1, )Wi 3^.1_^J1 l' <a . u ' u > A JjVl J^l-^Jl oL^jLj 
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jjuU diVLaJI (j-o .Liaij ^iLill ^aLaJI ^ Cy^j ^hll) 

. I^_i3 CJJJ^V 1 UJ^ A^LIa JaBB 4-L^iia ^A_iiai) CllVLa. l *-r ic ' U A-La^a^ll 

. JaJjamll A_i*J <L-aj]| ia^S 6^.1 j Eft A3Ua Alla. \Aajoi_j c"n*s tAlLaJI eAA 1 — 13.10 (J^Liaill 

^3 Eft AL^aiiAll AllaJl ABlJa ^ jLujJ V E AlUaJ V jl ^)jaijVi ^a.laJlj ^.llaj-al I kli 

I j| j .1 -la. 1 j) \x xsi AL-a^ll ^ya <_£ _^a.V 1 Ag.a.11 .lie. <j j^i^lV I ^y^.j (jl£ 6 AL-a^ll Jaj-u j 

(.JaI^I JbuaJ (jl^ ‘£« ^a ja^II ^nll ABlJa (_£j!iuaa1 AjjLuaa ABlJa Cll3l£ 

^3 (_gJc. _JJ^*J1 ^^LaJl (JLoJ^V 1 cillj Jjajj .Lille. ^jJ^aII jalaJI A L^a j 

-a-luiaJl ^jl (J ^ki i aJUJI 6 Ja ^3 . ^jLill ^a.LaJI ^)^Axl ^iB j Jaa. Aksl ^)J Ia j 6 Alx-a^ll Jajjj j 

* 

Sjjj^ 6jjk kina. J^Mjj cAL-ajll (Resonant tunneling) j jj +* j ^li 

6j^)j AJa^yLa Jaj^uj .lai (jls tAlx-a ^11 ^3 SJ^*Ha ABlJa CIjIjjIIuia tilLiA Clljl^ I jjj .jUSI 
Ajjl^>aJl AiUall <ja ^}i£l Aja jA^kli ^nll ( _ 5 i CliLj jJjoiaII ^C-Ijj (jjfLj (jl jA S^JJ^ll ^)l_ull 
Aa^iii 1 g jJaJflaJ ^ij Sjjkll AflilaAll AajaII £Luj jj Ajjl^aJI ABlJall (J^jtiA »kftT 

I^A^iS All^J LAuajj (_£,k]l JuQ i 

1 


f(E) = 


exp (E - E f )/ k B T + 1 


(1.10) 


•cr* ^jA Ef di 



.AjjjJa 4jl^ Jlu ^luailj (4a*i) 4jl^ ji 4^Ua J^Li (i) 13.10 jLu^l 

(<Luijj SjLaJl £ jJ j^JI A ajU)a ^Jc- \ r jUaJI 4 _l 1 ! ,jS jJjjJai Jx^j f uj 

j .jiVI ^ S jcLiil CiVlaitj A&i fji A ill.ofl UjVIxJI (jjj i ah>^~i 

. (jjj jil AJla. £y> ^ jjiJI ^jl\ 6 »jfa‘ »fl .• V AjjJ ^ ill jLjj! qa Jj 
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Lo-lic. Lg ^.33 ill ^j^lxll ^LiJajj (j-G Aj^-ai] j 

.(13.10 J^A.ll 4_L-a^ll (J^Ia ^^3 A^lj AiiLla (_£jJjoi«g A^^.j AlLa. ^^3 4_n]^ill aIa^}j 

LS^J 6 (^L Aj^J^lVl L S^ (jj^ll < 11 Lg-g S^-qJjoi -o CliV^. 

4_L-a ^11 LS^ 4 jj] ^ c3f!aJ V LgAaC. j .JJ,^ ^jLiaJ^II (jj)^!! (_£A Aj^jj£1V1 

ji ^ jLoiil A_a 31£ AJlc. AiUa CjIa djljjjj^]] jj V c( jq*^'l <L^.^)A aac. jj 

l — 13.10 (J^joiII (jJJJj .4jjUa]l oAA Ale. ClAjj^jj£lV 1 l^-ill l_aAAj S^)C-Luj CllV^. A^jj ^ 

. JjVi *iui 

c (l3 4g -^11 AaC. 4_Jl*JI AjliljillJ <L-a ^11 ^^Ac. 4_iil j3 J^niaA ^jaa. l-ol 

Aj^ja£ 1 V 1 ^^3 S^jC-Lui £"# (J jlujj AiUaJ ^)jjjaV 1 Aj^ja£ 1 V 1 ^Ac- ‘*— AVi 

^ja^j .^JaijJI &A& Aac. jIaa!I ^ aIaAjI AaLoiAj .Lia&j CjIa jja^JVI 4-Jj l_aAAj ^ajVI 
^)A£a 4_Jai^-Lo AiUa dll A dj\jj^jj£lj c*11aA qj£a cl^Ha ^g ^)a£I ^jLa^jVl 4ja1^3 SaLj^ 
^j-aSLlli c^AL^AI aAA ^^3 .4_L-a^]l ^^3 AiHall (_£j!i. ula £_«g (jAA^) AAL^. ^^3 (j^£j ^^£1 ^ 

i_£A3 (j^llij ^aII tillj jIa^aVI 4ja1 j3 aASlj ^)3 jJ .(14.10 tj£d]l ^3 ^jaaaII (3^j) -J^A^ 

% 

\ j ^ Aijm AulLai 4j\x>»lij a-gjILg dilA <alaxG AjaI^AII aIjA^I £-g _jIaa 11 

( di V 1 

R d = ^ (2-10) 

VdV J 

^^lij Jj.^i'.; J U^JJ -14.10 ijjluiM L_l_jlLaJ (_jl 

.* 

^3 £ AaLujJ cAIL^JI oAA .AuILuj ^-gjIa-g CIjIa <ala_LQ U_5*^ (1)^ 

. ^Lilll ^3 V cJaA3 4 



V 

■ AjIu J sjjj I- V (j‘v%U 14.10 (jLulJI 


430 



E 



^ 4iUa j^xii 15.10 j^uJi 

L££j jjju AjI^- 111 ^_yij tLuill AJLdl ^ jux-lLj cL]*JI AJbdl ^Jl JjjjSJVI <j-« A W^ll 

• lh^VI JjjliW' <^! 

j / j u j^h^V ^ a^^ 3 (jl S' 1 * (J^xLa ^1 (jV I LiIaa 1 

1 T^aI (j-o (JjC-LLg d 111 (jill .A_ia j^I ^)1a]I (J^l*^ A_x-»Ja ^ aJ 

A-ia^a^II _^n]| t^lfLa c^uljVI Jjjp^jVl (j-o Liiijj j^ll ^)1 xj (jj^J^lVI (jl jlflc-l 

^1 ^}ixj Ajt^-ill C5^-5 £-da^-°-^ L^^) Al^Ua j)A l^.^2k d n*\ 

(JajAj-u1a]| C5 iiill ^j^ixIIj c 15. 10 dll ^3 A, uiaH 66^)AlJa]l &1 a ^^ajaj . (jAjVI 
.lij| jjSIaII Lr lij jll ^giaill jjjxII ^jc. c. <aV^j jjf*-U J»aj ^Aj <. (Sequential tunneling) 
^3 (j^fLi j! tA_ijUl j)C. I ^)“l» UA (jj^)j£lVI LoAic. (^JjalluilAll ^ qq^ll ^)^lxll 

L5^J (j.J^ u' S''* l)_3*4a] (j^-ojj .aJj-£3^]| £a AjjljjAl aJU. 

1 A_i3lU! yi_^JI ^ j t ji» nil Axj A_ajI ^J l Aj3Ua ^glc. <j j I JaSl^J c jV I ^L^ll 
^3 \,Ag j>*n (jl ( (j^All J (j^)-^! 4 _j »t nil ^J^xSa ^/l£J (j£-oJ j . AiiUa ^ u^j jl (j I 

. JaAiuj1a]I ill j^ixll 

S^4 j (Coherent tunneling) Jajl jl^l (^liill jjj*JI ( JLol^.1 jl) J.i*-a n j 

x>“ic.yi c (_JjoiLuj!1a]I 'ill ^j^xJI aJU. Lol .(jj^j^j£iVI jjjij AiLuiAll jLpjl 

jljWl dj' V -^t-o ^.1^. (_^jLujj ^y^.1 ^^11 (j-a aAjoiLoj jljWl (J^x-o (jV cJ^ a^LuiaII ^Ic. 

t(JH-«JI (J-ffuj ^Ic. tlj^ll A W dll JlSijl (jl ^iiixJj .G^^ilo 3^.1 ^Jl 
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— A W (Jliilj! 3 I Ldajl . l_j j£ill JjoiLAaII ^ qq'^1 

^qq'ill ILLaj ^j£aa 31 diAjjj]! 

I j jLiill ^ 3 a«j cJojIjIaII ^'dill j^xll aJL^. 

/= ^ \T(E)[f L (E)-f R (E)]dE (3.10) 

Jaill JaIxa jA T ( E) j ctil^yL CIdIj jA li j A W <■*> ^^A e dj-s 

did LoA /*(£) J f L (E)j ‘E (j jLau a^IL ^Kll (Transmission coefficient) 

dijl£ 3 ^ lijj 

•Er AiLLa Aic. A_a 3 (JiAll (JaIa-o] 

(Thermal (jj\ j^Jl ^ ^ j±\ a '^ a a Jaj a_21 J] j I jWl 

j (jAaidiA AiUa 3 ^ 1 -^ C* l V‘i ^A^i 3 (_£jJjoia £Aj LaAIc. (Jj-aa-J (_£a !1 hopping) 

LaI . j\ 1^11 (_jia^)C. C > lUtii 1 Aa. I ^)j» ks~i ^dill (JLaI^. 1 (j jSL) i 

3-iai 11 a Ac. Luiaj jlA^ 3' 3 j 3^V^ AiLLal ^j£-<u3 tdllxJl dl_^.^)A Aic. 

C 5 ^] L>° " 3 ^/ 3 j 3 ^V^ uj C^Adnllj (J-aldll iad^ 

(_£^)l^)aJl 3 ^^ ^C.^)fj * (U-A- 3 ^ SAC-Ixuaj^ AJaJ-ujj AlLa. (J^La. ^j-o ^kVl L_uLaJl 

ajjjJ^JI a3g-^Vl ^ Lijoujj Ijja l£4A u' ^■-^■,> a 31 3^ cUaII ^ a ‘Yaa Jaj aJI 

.AAjLoiII ^Jaldll 

jLnllj a ^ j ^ s A \\ axyi < j^t\ Jj&lL&i) 2.3.10 

Current-induced mechanical effects 

ciL^ad lg*nn ^ JJ^J J 3 W^- ls^ l 3 ^^A AoAic. 

AjJJIaI JaLojl ^rjjg'n jl cl . 10 £-did]l ^3 A^)j dl Ia 3 j o^>g 13 ) ‘-^jI^aII 

dill 3 3 q a_iaaV 1 aAjAjuj L-ial^c. 'ySl 3 .?^ *^3 

3^-aJ AjI 1.10 ^ 3a 'dll ^2 LilJ lijl C5^J ^uljdll ^2 LaLaj A_a jg d ^Jit- 

3 jxdll lAA l_i 2 I jC- LiA ^fdj lijli cA_ili 3 ^ d^yd-a j <ildl A_ijd ^)^31 a^a-^_ll JLajCIujI 

. dljj^All oAA*Ha 31 33 > 11 (_ 5 ^ 

J 

oAA ^ j .a 3..^ >31 ^ ^l- 0, Aid£ jj jIjj ^Ajj LoAic. AdL^^ll o^a-g_ll AaLAj 

.l^UaJ a >j'Vi ^lll dAijjVI Jj aw dll 3 -ol^a. ^.3 (j^» j cJ^A 4 a 11-^31 
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o^^VI LaAIc- (J ^* 4 a 1 I I^A jIj^j co Jjg * a\\ Ajj^) 5 Lia]I A_ijj^jj£]VI o^g-^VI 

^3 j .AdjJ^aJI l^)Lda (J ^xixll lAA (jl£ (jj J*Ldij (j! ^jt-nJa]! ^j- 0 1-^ . ^x >.st\ 

tt* % # 

L_ujljl jl LiJj^^j ^jia^)x!lujl A13 c aK/IiaII oAA h\ (Jxdl ^ja Aj^x L5^] *L^L^. AxJ <jl 
Ajj jjj^IVI o^-^VI AIa^jj Lax l^)jj£ __^j£I jLij djliLi£ JaVn <jl ^j^xJ A-J^LjJI (j^J^£ll 
— (jl I ^jl ^kl L$ l 3 aC ' u^j • L_a]jj ^jl (jj^ qa o jLlxxll Ajj^jAjaII 


30- . • - 

. Adlj^^JI o^)~s£ 11 Jjc-lLol Ia^. LajLLa (jl (j^xj LajLx _j_j£aa!I cIuIjjj]! ^jLjj 

•L$J^' -M J C5? L) /^/ 1 ^ ' ^ JJ° (J^J 


.Alila ^g.3 Add^^JI o^^akVI ^ ^jj^joull Jjc-IAx ^jc. d-u^^l ^ 1 \ dj j^*JI Ixl 
q ~\ d*i jl ^j£xJ (^IaaII AjjjUII dj^L-sa ^11 ^jl ^C.^}J Ail ^Jj Jjidu Aj^laili 0jLiili 

JAiL (JjUall (jx (_£a!I ^jj^-uiill ^h».x Jjli cIa^C- jLnll IxAic. Ia^. I^jj£ 

(j! c^_dal^]| L>^j «djg &_jl^^JI dA^ldll ddl£ I jj j^j^lVI ^xu i*s 

Ax^LllI LajS Ai£)LxJI (j£J .Cda jll ^aAj ^2 A jqj'q^ II A_m]l (jlA^.jj (jjl^xixll 

.A^-dalj ^jt- (Jl^j V (jJ^-uull qC- Ax^Ull dlLj ^Liill (jc. 


Intregration strategies Alalia CiLaajl jluil 4.10 

A£lj2j c > vnj La ^jl VI cLpl^jS] Ajjj^^JI o^-2kVI (J;iit_ujjj ^ u^i ^jVI llioialj 
o^jiixll o^-^.VI ^ h^i L — 3 ^ JJ (_5^l d-A-iwMl L-ixj-sal ^jl jA 

Ajjj^jxII djUj jjj^IVI ^ .o.Vq» a diljj L^iLllx Jj c ^Aldja j>s-i L^jIaj 

f # # . J. 

_^j£l Lj^jat ks~i L^JLxx Cli3 j\\ oj&j)\\ ^Ic. AjjI^sVI o^-^.VI cAjjlx]| 

( xx cAjLola ^j^La ^A Ajjj^^JI dj\_ijj^jj£J^U jj)V'a'I J ,dl!>Lujlj Lxx (Jj-ajjj Lg_lx 
^C-Jj A3jj^x Aaj^)laj Lstx oJ^)Aia]I ^>J! SJ^VI djl jLllx Jj^aj A J-i^^La 

ajxI jJI >11 j jl^aVI (_pa * j AjdaUxj I^a ^ ^ Vi l-ajjx I a] « ^a qK'ill aJoaLj 

. <_ aa^JI Iaa ^3j'q^"i 


Ajjjj^JI ljUUIJI j l-jjjxJ) JIaaj A-^jJ 1.4.10 

Defect tolerance and new molecular architectures 

a a 

c. <ajll£j cAjjbtJI ^Ujjlixll Adj_^l£lVI 6 ^_^.VI Qsi\ e i\ Lx Ale. 

(Jx*j ^jl (d^UjAxll ^ja b^)±& AjjIa Aj-uij JaVI U-3^ cJ^ (jV 1^^^ 1 g ajux'i 

l^iiu^a ojIaII ^3 L-JjJ*]! (jl C > l~sj c^^kl djl xKl 
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a! 1 4ib^)la]l ^3 All £_ia^ 1AI (jl£ lAjj . L<uLuj ^LaC. (Ja*j 1.1^. 

J )V^ ^3^ (j.J"^ c — ^ j«ui ^jjjjtAI O -0 I .lie* jU o^_^.I 

4 1 V'nC.^3 Ha j (j^x-o ^Jajuj ^Ac. IaLaJ Ail aj-sa-Q CIjIjj^^JI ^ 4^3 All ^X JaVAI ^Aa 
c3A J^laLiA Jl ^Aaj L_j\JaaVl jXa (3*^*3$ V 3i 1 g i a ^)jj£j 

<aj ^jli tL-ljJxll tillj ^y^.j ^ja ^)Aa ya La <3 ^Aj *Lf^ AajLiIa /“V A-iil^a -J* 

( _ s ia. Ja*Jlj SjUl jaLuu Cn^j i_j jj*JI JaWi (Architectures) CliLiLiij Jl A^La. 
xjl^adll i ^all£j j jl I (j£aj t AiaLlallj j . L_J jjxjl ^lilj ^ja jj ^ J Jc. j 

QjfLi <jl ^ i-nj Ail ^Jal ^]l tl^J • L$ U-J^ Ajjl^jaVl CIAjj^aII 4j3^a 


(Computer l-jjahI^'I 3Ac. ^a ^ Sj ja II l_i jjxII ^a ^ALaiill (j^axj cilliA 
Fault "UaaJI Jaaj" ^ILj^iaII 4)LaJ ^ (Ja*jjoij) AjLis-o^jjj hardware) 

.jIj*JI ^ liaLaj&l j^_>j cj^uia ,_jli Loj3 Lai .(tolerance 



J^jaJI) AalL^jal! jjliLaiil (jLL 4da*a!jj AaLia AjjjjA a jSI jl J - ^ FU-t. a 16.10 jLuill 

.(<U£jjAh flxajSJI Ajxaa. Alslja J*j 18 


j^aLula (Architecture) jLiii Lhj^j (jjjljL -^1 (Redundancy) j'jSjII 

a^)l3l jla i<Liia^ll i^yil j &3&"^ c£^ * *3.M T~ '^ (_>alj £)* aA^ ^ w a . L—ljJxll £-a 

La ^1 (JaxIuJJ tlillj SJ>g_^.Vl (_>a*j u 1 ^ C5^ cJ-^^ is* jAU>n 

c_j jjaL^. 1 ^ja j)\ ^)£j Ajqj^ ^Ac- ^IaxII j • L — ^ 3 

AJaLuuj jA (jln3^ '3*j .(Crossbar architecture) A31 > ^a' 1 jl jlnj ^^Ic. 

^)Iajlj Aj_j! jAaII -IsjAtnII ^ja <LoAjuj £a AxAsHIaII AHa^fl ^cil^LoiV^ Aa ^yi <1uAjoj 
* 2 
1 Aa ^ c*’ Aa»*uA H] .0^)1^]! y^LlC. ^xal ^ja t^l^LuiVl ^Aalij AalAj ^(16.10 

cijljb t Hewlett-Packard a£ ^AAI aAxI^j c5^j ‘Teramac ^IaIjjA L5 -ajaa 11 tL-j^l^AI 

4jjLi*AI 33ac.^i (j-o cs - ^* <1 aI£!1a A_ijj^)A^]| 


jlnj ^a Cii j^a\1 ^ja .^^jl*AI l_jjjujL^AI ^jLmj AJ^jHa^ Ajj_jI^]| 
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CjU j>^aII 1 fllij Jxha ^IjjI j)A Clal j^a^JI jj^A Ia IIAj t AaIIx *o**ia 1I J u^i^ll 

. L_J jJJtil j)A *Jlc* £-A (Ja*JI C-JjjujL^JI ^-LLaJ-ujI L^illjj tAlllli]| 

= ; A 

(J^a (jA lixlali -ill .Ajjj^^. £^JI1 ^ u^il 1 j>^-ij 1 A-Al j.si\A ^jljjJaa jjLnj J«jjujl j 

diVI^JI a 1 a ^ u^i j^Ajj .Catenanes cijUlmKll <jA Ac. ju^^ll A-ujJJI diVl^JI 

/ 

J xxill Jajl^ 1^1 J £*^*Ala cil^LujI £jJa jJ ^aJ cAj jl jAa til^LujI ^Jc. c — t> . \j**' Jj 

(cAlJa. o^c. j)A L-ftlljj Jj^jJI Jl.iJI Jl liA ^ jl jll . 18 ( 1 6. 1 0 

(jl CljVl*AfAll (j^AJ .Vnj*\ .a .lie. (jlxJalljj (jjlll (jj£luAI Jc. jLi^il AiilJ (j-fflalj 

5 = A 

Ijiel j (jLmll IIa j.1jjj ClAjtAallj ClAJI (j_j^j >»” n*s to^)£l HI (JaC. (Ja*j 

. 4 tWquhHI CllL&llladl] 


Conclusions 


CjI^UHuuI 5.10 


aHL^JI ciA^-jVIj a-iH-ujVI ^aHaII o a aHIaJ Ajai (Jj-aHI 11 a LIa^b 
Jj Lgjs a^jjAaII ^J^aII Jl SjjaHj ^jllll ^ >.s-i\\ (3^-j j .Ajjj^JI cijLiijJ^lJ J 

^j^uj (JjL^JI 11 a (jl .^Lix-^aj J£l diU jIxa ^Jc. (J 11 A^L-aV I Clll ^^jaIaII ^Jj ^ 
^^3 ^a jHI 1 g g J^i Jill J^AAuill (jA ^Jc L-liillll ^JJaaII j)A (jjfLj Hj C^jajAII 

CljLii j j£]V I & 1 a J U^ -0 ] Jai^l .IJaI£a j A-iij^jJI d J)^_^VI ^ u^i 

J*Aj l_AA I Ji£ J»*n L-S^jaj ^LIaLu liil Jli (jl aII j)A tV ^al (_£ J-^J Jl J Jl 

^ LajI j ^a AijxAlla . (j^ilLJI AjjjUll cIjIa J^IaII ^^a AjjaL-uV I ^JIj^^II (Jlill (j-al 

Further reading AasLial AjdUx# 6.10 

Je. 32 J 11 OJ*^. >*ll J] SJj«ll Ji^Vl *1 jail j£«j . 

. Ji^jJlj l^xtijlAll cIjLaILJI ^^aLuj ^ a,k xxi II (JllljV V 1 a'i^I JSI AjujaLiA 
. (Jlill Jal_*_A L-j\ xx)^ Ajqj^ j}C- (Ju^llaj (jlx^.^)A]l (jl 1 a (jAjJaJJ j 

^J^JIj 13 ^-^.^Jl J^jl dilx^,l_^A (Jc> ^^1-13^] • 

.36 -33 

Jajl cAjjj^jJI ClAiLui^lj jJIj CjUUjjIIII CliVI^J <*_^.I^a Jc- ^!>Ua^U • 

^jj\Ja]I CliLij j j£lj ^a AjllnJall J Ij^ll (Jlill Ajt_^.l ^a Aaj j .18 £^.^)a]! 

.25 jjl J L^jjWI 
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Questions 


(JjLula 

(J£judllj ^>da]l bj)\^)^. A^.^jA Aic. 3.10 aJaI*_a!I AjIA^ ^j£d AjI Qll .1 

/=— Jr(E)dE (4.10) 

Ef,R 

. ^>aj VI J (JjAj ^g-o^iS AiUa LaA £y^ J E f i V 

dA^.1 tA^.1^1 ^jLojJj A^Uall ^jc. ^I'^UxiA T(E) JSilt (J-gLx_a IaI AjI ^j±i .2 
ill A_ILi. ^^3 .3 » AjL^i^aII ^ ^g_AjujJ ^gllll 2 ^ 2 //z A aj^II A_L_a ^11 A-iL^a^-* 

.£^ (j^j^ll AiiUa Aic. SaL^. Sj^)A ^JLa^VI (Ja^II (J-gIx-g ^3 A^.jJ 

A^.1^ (_£ ^J-ulA A^.^J c." 1 1*S C 13. 10 ^3 A 11 IaII Aaj)1Via 1I ^gij dA^xllj^ 

(_£ jLujj J)lyk 'll A_ii]^3 Aic. E^- (_£ jdiA JjjS A_L-a^ll AijUa ^3 ia 

AjI j Sj^jAII aU. aJIa £a AjjjjLiia T ( E) (. J^l aJIa ^jl ^_yAa^)j3l 4^)da 

J)£^g!Lq U^-J ^10 cV ^£^\-}*-g]I < sl^dVI cj^_j tdulj 

A_iilj3 Aic. ^jjAjjj^IVI (j-o JS1 E® = OeV £-$) Er = 10 1 eV AiUaSI 

L_balLli]l (JaIc. ^j£L2j . Ia^,Ij (_£^LujJ djlill (jlj t ^^‘U^ill <_£ jLolJ jLdl 

^3 cAjIa! la ill ^jl (jAa^is! j . (J jAx_a (JL^-a (_jAjJa ^jjAULaII ^^Ac. Jala^ll 1 0 4 Ij jLuia 
.A_L* a ^11 ^3^)Ja ^gAc. A_nl^A]| ^3 \y)a^ Ua^iA c* 1IAA ^jl j 66^1^ (jjAj^jj^lVI 
(_y-ajL-a^. ^ Wia ^xuyjlj L_Lud^.l j t[-l eV, 1 eV] (JI>a 1I (j^Aa r (£) ^ jl 
Aic-j ^)dall S^)I^)^JI A_^.^)A Aic- 3.10 aJaIx-oII (JLg*I1ujIj I-V AAil^ill - 

• 2e / h = 1 (j\ (jAa j3al . 1 V jij-all ^ AlAjj jUail Aiilj3 
aJLuiaII ^^3 A^jl^ll I-V ^ Wia\1 ^g l^lvruj Axj A_iLjali!i]l A_ajIaa1I *4 

La.lic. (JaIx-g 6 J_)A (jA ^)Aa^)C.I b J_)A A_iLjali!i]i A_ajIaa 1I ^3 A^.jJ IaIaI .3 

A_iL>Jalij ^LgjILg dll A AaIsAaI A^^.j V AjI ?A_i^.^)A aJIa aJIa 

• A_i1Luj 

a^)!^)^JI A^.^)A jijjj LaAjc. (Jj^a^j IaLg ./-V ^WiaII ^uj^jIj A^.^)A ^i^)l »5 

IaLJ j ?l£1]a ^ja LaaAc-j ?AijxJI a^^ja ^jldl 

^3 A_iLjali!l]l AajIaaII Jjjail Ja^Vj c A_ilxAali!l]l A_aj\aa1I I ^«^)l ^t^A 

.4 aJLaaII a ~njVi aJL^JI oaa 
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dJjiUI dU jjjUVI CjUj j jj£JI 


Single Electronics 

/*\ # 

' u -4jf W* 

‘ 1 ,'J 1 "' ~ v " jjJcj AjjjjiiSlVl A - ■■ li^ 11 jjaj»2 
t jlj«»ll jjJC J A^LlAi5L]| A ■ M li$ 11 jJOJlSj 
LjjjiLillS (jjiSjj) iLuj^LJIS Aiala, 


Single Electron Tunneling 


bAij JjaLUl jjjjityl jj jc. 1.11 


Introduction 


dji* 1 . 1.11 


<C.Lix-£3 (J^Aa]I (JA ^ U^ll tO^id^l d_ll jiJI ^^9 AcA \t.Sl\\ dll j'lVl £A 

ClaLojlLall *Ljj9 A^Iaa IAAj . (j-a9l-ii]| SJ^Joa jlxjl dli A jqq i d^L-aj 

dine. (jAjdaJJj tSdd^JI jAl jJall (jA £jaI J JL^a AjaI jd ^lajoij t (Mesoscopic) 
^Jlxll (j-al^dj ^4_iAjjll Slj'sll ^9 djg » a II (JjC.IAa 1I ^n^.11 ^JlxJI (j-al^d (jjj ^Vl 
IA& dl_ujliLA]l ^Luj dLoJj . ^4_1 aj)A^1I (J^C-HaII 

. dll ^)1 a J^)£a 1I dll ^jdc 


ll ^)llA^jLi]! ^A 


^_^.^a]I (Jdldll (JjC.Ha (j! Ja-ujjVI (JI>a 1I dll J)jg Vi ^9 d^liAll 0jllii]l (jA j 


> i— 3" t .. ^ 

^Jl <. flLdaJ . 1 ^ la j »/ i \ ]U<a IjuJa^AJ ^ 4 _ia j>a^\I 4 Jj>^^a 1I ^9 dlj^lij 


ujJ^U 


* * Jia Grace Lu, Department of Electrical, and Computer Science, Department of 
Chemical, and Material Science, University of California, CA. 
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J Aharonov-Bohm jjUI Jl iS^jl <4 ilui! 4i Ail lillj 

Jisll diljjjpSWI JSj (_53 jj iJjlLall Jj .Ring geometries 4 aILsJ <jc.ljall CiLui.li$JI 
jil .(>51*11 J—ill jliil) : "a aaS'uua ^>j9 dll^ CllLiL-a^A aj-U^a3 Clll^iS JJC- 

dLyL-ajAll l— fll i.s *' iV SjAslIaII ^_n]! Cj lljjjj£JVI AfiUa L Ja jJW jJja <_£ j^. 

J ^ ajjau-all AjVIxaII Cill aja^ II j 


A_x_nla]! 1 g j9 CIAajJViaII *Luj!jJ ^9 ^IajAV! j^JJ t Sjja 9 LiA Ia! 

dll jjg Vll! ^9 a^lc- A_ii^. AjtJaiiAll A_x_illa]l a^A d Uajl .A_a£a A_ijjjj£iVl 4 W /till A ^Jv^a!! 

jj^J Lo^ic. .AKuill 1 ja! 1 uia lfl3Jj I_£_i3 jLiil! jiixJ aJ jg.XAll A-ijjjl^lVl 

ajl.ll! £_a .laljjjV! A qjx kl^i ^jj^ aJjjxa a jjx >.s-i J^LaLiA ^9 ajjj-a^»A d_iljjjj£jy! 

* * t * t 2 

^ IjJJ^ IjjjIj JJjJ (jl A_ijjjj£]V! A W dill ^A-jjl JA*Uril (_£ I ^ £_Ia£i] j^AJ iA_i^.jl_iJl 

j! A_i^.jlW]l ajl.ll! j ajjjaJ! jjj A_x-uiil j£ajj .<Lqj)Via11 ^jIjj££J! (Jiiil! j^ajl >/r\ 
^Jj IjiiA jjjl^l] A-aJj'U! tc. Vi^aII ^l-^ 3 cJ* > J a jjx i.s\ (J-J^ 

.IjQ'iaII jjjj£iV! j^d cJ^ c 'l^ A ^ ajAUal! a^A ^^-ajaj . A, Wjg a II AjsUall ^^A tajjj^JI 

.(Single electron charging effects) 


A ^1! CllLajJa *1 a £_uj! j (jUaj C3^ Wll jjjj£JV! j^d cJ^ c ’l-^- Q d Uri j.1 

UJJ^VI dil jjojoiJjl jd Idajl sLojoi-all j ^Double Tunnel Junction V j-^l Aj^II 


ajlc. jjlojjjl jjII liA ja A-nxl! <* u^>j .Single Electron Transistors SET ^jil<JI 
(Shadow evaporation techniques) j jS . nl ! Adjjj^lVI A^Jpdlj Ac.UUL 

c <lja x>> ialjjjl dilj AjVl» ^ ajjja. j-o A nx.ll a^A jj£l iij .^(Jj^l J^^l) 

c^jHaII A^ll^- Aj^aj dl^L-ajj Ax_ud]l jjxj^a L V'lSxt J^C> jl J^'i^l Aiil^il jjJjjj^ll 
Aa±la j-o A j'qq \ j^.1 jj^jjj£JV!j ajJjaJI a^A .AjI^j Ij^xjoj aIuIjIq j 

.Ja^9 A-i^j^Sl! A j'qq'il! (JjC-lLsdlj V] lAjjiC. cllljjjjil!!! j^AJ V ^%^J 
j£jj c_fl jjoi w (Jx^iqll 11 a ^ .ajjj^JI diU jjl^iyi .IxujjIa ^ ^SVill aj! ^J! 
A jvlx a 11 ajjjaJJ (ji Jj^ iaII jjjj£iV! jjIajjIjj ^9 jliill (Jaj sliLill J Ju&Vi 

. jjiui jjl jill li-A dlliiilaj Jc.j 4<jL^>all Aljlill jl AjjLxll 
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Theoretical background 
Electron tunneling 


Ajjlaj 2.1.11 

cjUjjjSWi jjjc 1.2.1.11 


ijj Single charge tunneling a 'imIII LS Sajll Aclu-a 

“Orthodox” theory "Al^al^All" AjjJaJI q \ .laa .^^jJaLaSI (jjall JajJjl 

^har a c. 'hsi j ^3 1.1a. A^k^lj Ljfiij SI^VaH A W will Aj-aLaJI 

a W will is^ ^>^21 ^a j^wll (jjjt&iyi _j jjj ^L*JI 1.aia] 1 (J^n 

(JjJaLlA £-a (Jj-ajj o^jji-k-sa ^ ^^1 l^A ^ja ^lil! A'Qjl** 1 a 11 ^^3 .lajJ (jl ^ . 1 \$h \ 

1 g'lAja R 2 A-ill-Aa) Ayjq'i Aa jULa £a tJa£3 A jqq'i ^al^a. Aiajail <_£^al AjV^« a 

l^xo ^Ic. ia^ai I^Aj . Uj^iaj 25.8 kO ij jL^j ^lill Rq = h /e Aaaja^H AajIaaII 


l-jIjjjI jli J) Uaij A^aLjaj a Won ^>±*j i^^^a^JI (Uncertainty) c_AjjjV! 

^)i_k-£al (jjfL (jl ^ ^J^xll (jc. Aa^UII Slj*vll oJLaJ ,/? /R^C^ AaUall 

. E c = e 2 /2C s — j C5 -Ia*j (Coulomb charging energy) A-uajIj^II c j^22l AalL qa 
^)^)aJl (jl 1 Ag 3 Sa^ii-oll AW tail cJ^^ 0 A IW^^LaI (jl>V! j blkLJ U 

A^jj UJ^ U’J £ c UJ^ UJ^ O' l£*) 

^Jj AW-uj (JaL^. AiLjaV Aa^£/U! Aalkll *>” J o^jjat (T} fi^)l^)aJl 

(jl2A ^_jAjJaJ . E c » k,B T (J?\ tAjjl ClAjjliill ^ja A^IIaII AflUall ^ja l^)jj£ ^£1 


g^C- dj\ W w.ll (JUlijl ^3 Aaia^Ij^]! x'lill AaUa ^Vi ^jUa^)jud]| 


fljjoi t JjilftJI _j jluj^jl jj ^)JC- JU&jI 

(J£ju 2I ^3 ^3 J j^.U. aJojujI^j (jjljj-aLa V^k.a C5^' 

^)i ^Lo I ^^3 ^-0^:3 ^Ua . ^)jaiL*Jl (Jj-aall ^3 ^j^i*s\a\1 j 1.11 

A W tail (JlaiijV ^ja VIaWI cilliA (jl AjjoiLujVI 

^a ja^II ^j^aIIj 

U^ Alk-alill A3 Luia]I ^a U2ul (J\,a*WV1 12a ^j-aaLilij . 0 jlc- 

Ajaa^i ClaVlAijVl Alajoil Ij'qVi ^jl ^j£ajj .aJ^)Ix]I SjIaII 

Jjj^IV! ^ S >U 3 ! CjVUJ! J) 1 J> aAIIaaI! CjVUII c> ^AaUnll aI^UI! 

(^•sIaII J 2 1 (j-Q (J^XA ^j^AJj .2 

: (' 


. & — ^ :(_jl jljia 0 


(') 
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(Ill) 


r ! 


eV 


e 2 R T {\- e- peV ) 


- 4 4 \l ail 4_ije_iiiai! 4 11 II 4-ajUL<i ^A Rj- Clu 



±jc- jjjjiij — jjift— jjjjiij ^ja 4^ijp jjfr w °»'n jiiisu 1.11 jLuiii 

T = 0 

Axj <3^1jtil Ljajl T 2 ^i ^ .jA» 11 o UjV 1 ^-3 ^ qq ill 1.1 Vl ~'V I (J.lx>s ^iaxjj 

: jlaJVI ^iilja S^Ljdl 

eV 


' 2_>l e 2 R T (e f,v -ll 


(2.11) 


(_j-o ^>laj 4_L-a^ll ^)L<2I ^aL-^ll ^)l_ii]l L_jLai^. ^Vij^ 

:^\M\ ySiill jUll 

/ (V) = e ( r w2 - r 2 ^i) (3.11) 

I Jc. ^jc. .Iajj 
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I(V)=VIR t 


(4.11) 


. a al IjlC. 13 /j ^ 



22iUa]| jj*j — Jjle— AA^ajl ^ (jjjjiWI JJJ& JjJL« 2.11 

■kijT 1 A iHai a ^Jk lie 2 Ajt;* a" SjaJI 

j 

.Aja^aC. A F AsLLa A]' V Aj ^ qq'ill C1 sVAx_a AjIj£ SaIc.1 ^j£aj 

^ja (JliiijVI Free energy a-q A aUa jJu AjIj A F AiUall lj aj*j 

^j-Q ^^aJI aIL^JI ^ j .A^l^ill yi^JI AjjIjilVI aIL^JI 

A_iil AoJa^J <_£A3I oL^jVI ^ 2 Aj_jJ^W^ Jj 1 AjjJ^Wl 

(_£a1! (jjjt&iyi ^jl ,eV ci*-^ C y* ^•^ -0 (Jajj jljVttl Aiil ^3 ^)Ax-£3a 

^pdiij AajJViaII AilUa (_pai^»Ii3 ^jJjola Ac-^joij ^)Jxj 

cAjF = — £?V U.J"^ ^ . IaiaII i.“n^k ^j-o A-uj^^c. AjIxjoi i _j1.V^a\1 

l AF aW^j (JliiijVI Jaxa (jc- jnaMi It^aj l^Hajj 

1 AF 

T(AF) = - ^ (5.11) 

e 2 R T e /3AF - 1 v ’ 

diU.jA Aic. AF aJV^J ill j^xJI JaxaI A_ijl_nll CIjIjW'iaII 2.1 1 cJ^joJI 

Aiagl -s, a\ 1 Aj^)liil]| ^jjLuiI oAA (JaxaII aJaLxa (Jjaj j . A q\“i^ a 

. ^ ^ 1 ^QQ'l A^AIaII 


Coulomb blockade 2.2.1.11 

AiUa ^_lx-aj ^)AiL Cl2)Li-a^]| CIAjljui LaAIc-j tlAjLuj oLiiaiSlj La! Ia3 j 

A_iaA1 CIjIa A* IVAtaH AA A\i ^ u^i'i Alii^.j A^)A1 a Uj3^V Fq A_nA^]j£il 

AsUall fj jLojj . o^)jx x^i Aj«_uj ( xa AjAAj Alx-aj ^ x^oVnu'i 
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4 Q -3 Q ^ ^ C L 9^-^ 4jauj 4(J_j^)AA C q'^aI A^Loill 

lJUI Jjj&tyl c> ^ UJJ^j J&' lili .V — QIC 4CV 2 /2 J 4<2 2 /2C J^LJI 

A^Ua ^it/i'i c± (^ — ^) 4 9 j£-<21 4W kl\ Cli^ix-al 4 L_l^.^a1I l^y£^i\ 

Q AjjIjujVI a Worill Cijl£ lij Vj *Lqj3Via' 1 <aUa ^k jLpjl y±>lij S ' \Q-efi2C 

A^Uallj £-^ 1 aa JU&I 4<_£^kl c^UKj .y > el'lC i$\ ^/2 

^jLujj V A_iil ja j jLnl^ ^!^*j| (j-o Jaxull I ^g-AjaLj .V < e/2C CllLul jAll 

. 10 (Coulomb blockade) <j£aj 'j® ^ J^ 3 cr^* 

A Wn ^^aaIIj <L-all I j ^^1 a^)]I Clullillj ^aluj (jl ^Jj l^laj J 

4_a jULa (jli ilO ^ s ^ CT = R C (_£^ t<*_uillj 4 j'qq'il' 4 _ajULa]Ij 

4_ii]^3 ^-ojIaLaj V 4<L-a ^11 yA L_l^)i]lj ^JIaII ^j-ajL-a^j Ahn ^JIa^II 


14? 


IaLaJ <L-a^]| y\ yyi ^a^JI ^j^)jat X^i ^jjja jULa (J^Aj ^1 Laj ^Ia] . 


J^ 


jl^VI 


tAjllxll cIiIaajjI] ^jja jjj^IVI AajLaa uj^ i y^ <5lsti5l (Impedance) <ajL<ia] 1 <jli 
Ax-a^j L_lAx-all <_ja (j^5L Ia] *Rq L>° S* <LgjULa]I oAA j 4 100 £2 (_£jLujJ 

.<jJai^-Lo d^)1^)^-1I 4j^.^)A Cl±jl£ 1 Ag a 40 A 1^. j 4 jqq'i 4_Lx^aj ^^9 L_1 a Ajikc. (J^*Aa 

A-iIIaA^ <1 j^)aa 4_L^a j (J£ 4 _^. jA^)a 4_L-aj ^Lq^IaLq ^Jj ^\"\~\ \ 4<1^jola] 1 oAA 

A is^hWA <xjujj A-lllc- 4 j'qq'l A-qjILq A )n> J yl A x^iq^k lx>\l <AjLA-<dl yC. 

.(3.11 JL511 J±) 10 ‘ 14 ^>Vl 2ii-jll 


Vi 


Ri, Ci 


C, 


V2 


R2,Cl 


,jj1» ■> us yJLL&kj ( jjjluaj Jjlla (jjjjSil ( 3wUU J 3.11 JIaoII 

.iajjil Ajjauu ;C Ajluuj /? 4-L^ j 4_<jjIaaj jjIui^jIjoII 1 Jjajj . Jjjjjju-a 


•• M 


jJ <Ha ^jIaju ^ aJ V <~Ju£-all ^*iW *'i) iAili-a 6^)1^ c“ Utijl SALj^^l! <L-a^ll <jl laA 

A_ iL 
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3.2.1.11 

Energy relations in double junction systems 

Ac. j) AL-a^l! Aa j))n ix> ^^3 AfiUal! IIa ^3 t jj 

4iV (j-Q Aik^p ^^ic. A^laJI dill L_ul^^JI .Ja£3 Aplc. ^plx-o 

L_jLui^ 1 C ),wl A F AsUall ^3 _jja,Ml L_ll_ui^. 4 Lo.dc. 

(jdL-0 ^j-G Aj^JJ^^J y^\ LodCj . I** l.Wll dill Aj <Jj-£X^J 111 

J 

^qq'dl ^^ixll cl 1 sua ^ix^aj Lqa 1 c.j .5.11 aIcIxaIL 11a a w“n t^clc. 

• b yp- jldll dAdl 1 n^xn tAo jlx* 

2 j 1 (jilL-a jll ^^1111 dAjjjj£JVl jac. 3.11 ^ n 2 J w i 

^pajlill dilj j^p^lVl jac. AjIj n = n\-n 2 ca*J 1 L_a^)*j .Lid 

Ll£ di^jc. ^1 diLjjjflDU ^La^VI c^xll AjL m = n\ + n 2 c^xll ^_a^)xj j 

tAilLll Ai£)LxJL a^^Jl Aajla \a\\ AsUa qC. ^>jxj Ln^ . Lqd (jdL-a^ll 


F(n,m) = 


(Go - ne) 


c,-c, 


^ (6.11) 


i2jl a_ijl jl iV | Ajj] j3 |_£Jjjj£]Ij a jj ( jjj 4 jK'I AjtjoJI ( _ ? A Cy -''''J*'- 

(Jjj^alij ( _ s lc. ^!iUa!>U L_1 (jalall £i.lj) Aj ' g'lVl A !•% nill Qq = C g V g J 

. ( i " '1 SI a’i , nV | 



■ijc- A SV^ a'I ji a ••>. inti diV^J Qq/ e AJ VJj 4 a^Ialali SjaJ jjjjg a\it Al Ua 4.11 jLuiJI 

.y = o 
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•^Qo-ne i^JSSi a \~\S\ <aUa ^jc. /^ sys ^ JjVi 

ft (jl Jl l^)Jajj .jLliJVI Cljliil jk ks-iA aIaSi iS^ (J*-^ «^Jl L&^J 

yi (jjfLa l-oAlc. Qq A m x> A W /lil \-Si^\ AiiUa]l ^ic. I^^C. (jl ^ )~nj 

(jxu>» (jl l. /2 AiUa ^jl (jl .Qq / £ J] ^^C- t_J^)iil 

:JM' 

^--<77<^ + - (7.11) 

e 2 el 

A^sl^-oll ^ j)3^q\l ^yA ALaiLai J^u ^Ac. 4.11 (_5^ A*aj))Vl<a\l A^lia CIlojoi^) 

.o^j^^JI ^lc- AjJajlill (j-Q n lq'“i^ < Q I .lie. 'ix> (J£ J^al jjj .y=0 -^c. 

tQo ajI ^J! ^ w/i) <_£l caJL^-a J-qI£ ^c- ajI^JI aji \ j$ ^ixj Lo^jc. j 

Qq = (u + 1/2 ) £ -lie- Yl + 1 j Yl \ (jl« ^Jalijj j . A^ajjJVl^ll AiiLla 

Jj Lilij Clllj J&u A Jaq'i SlC- J .E c /4 (_£jLujJ AiUa SlC- 

AjjUa £j\ l^)Iajj .ft + 1 ft lg_i3 A_>Jajlill ClAj 1 -i-iC* l^ix-a tig \a jl 

< ,e t^pjSSi ijjSi U>ijl Qq \ IjjjJ IxjIj j\jj!I OJ& ‘Qo ^ lSSJ^ A-a jh i^'I 

j)-ajJa CjLo]£j .Qq/ £? (j^a C— fl\ d^o'iVl d)|j ^ajill -lie. ^44^ A-aj5 ^a ajjj 

(jjjjfUl L_flL>Jaj i±e/C g J AjI^JI Ajj] jl-^jj La^jc- ^1 t jlnll 0.I2J j (Jj. 1 xj ^JJ*^ 

V A_nl^il IxjIj a jjg Vi 11 ^)iC. ^jLull ^jj£jj .Ig-La (JI^j jl ^gJj J 

jjluj^jljdJ ^lum Wj . jjloiJpl Jjll c41j>*n tillijj tVg AjI A iil jS j 


JjIIaII (jjjjifcU jjjxJI (jiSi AiUa CjUaiaa-A 4.2.1.11 

Energy diagrams illustrating single electron tunneling 


4 A f. ^SiA A >a ^ y 1 l)*i ^ 4 Uhni 4 '^ 1 \~t l ** ^1 l«> \~% i Aia^all 

_j jiluj^jl ^_a ^'^‘ill A^Hall 7.1 1 — 5.11 (JI^jujVI • l^jic. \\»'\W 

Lg_iS L-alllli NNN A-* jJa j jjalJI 

s •* f. 

Jlajj .Ci = C2 7 ~n^ > (j I 4 jij jJaljlall ^jilL^ajlIj (Normal (_>« S jjj^Jlj 


..(e) 


4jI jjll 4 _u]j 3 (JLaxiLail tA W S\\ AsUa aJIjc^ 4 W >» (jl ^Jj l^laj 

. jjlaijjl Jj]| ^1C- jLall jl^ill aA jpij t^^lail 1 4A 
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.1^1 ^9 ^^-0^9 A^I^Ij A_nl^9 ^)-q 1 g ijaIj A^Uall 

^)^ixll (j-a ^cjlill AijUa ^9 (JAaJj •eV ^>kVl ^J AjjouIIj 

1 3A JlaJj .A9^3 ^)-q!Luia 1I JakJlj ^3 ^^-*^9 (_£jJjoia AiLoixAlj 

.^killl ^j^lxll Cjj3^. 3 xj ^^-0^9 (_£jJjoia £3 ^-a ^aLoiaII -lakJl 



.£)■£ jlaUla Al^j Jjila]! (jjjaiWl jjIuijjIjj <^3 AiUall JaJa^a )— 5.11 JLuaII 

. AiUail Cjja (ja ^vLa jjC- ^ylklil j^aaJI ^ u^aj La-llp l-la^I j£ Ak&C- Luuj 

AjI^J A_n]j9 3 jc. ^3 L_La j£ Aj£C. ^Sc. L_lIxAI A_ixJ 

Iaaj •AF„^„+i= 0 Ia - lie. J^Wn Ajjc. A-aj9 I A_nl j9 j jLikj ^jl l_l^j tVg = 0 

: C5^ 


eV> (2w+l) — = 2(2rc+l)£ c 

Cy 


(8.11) 


c_s^)la]| ^j-o ^qq'Ai ^j^axII 3j_jj C n = 0 aIL^. I — 5.11 U^J 

^j^xll IAa V iV < e 1 C y l)J~^ Aa.iic.j »E(j ^jI.V^a ) aaiII A^LLa 

is-i ^jLA ^>-aj 14! .T « £"(; -lie. LjU AaI Via (AF > 0) L^Ua ^ 

^j^ax!I IxjLa AajJV^aII ^3 1.1^. 

A_nlj9 j.ix-a-0 jli tV> elC^ UJ^ Lo^ic. Ajl c_j — 5.11 (J^lll £j$H 

^)LiAl Aj3C- (J JJAJ ^ (j^ * *>!1 A^Ua ^^Ac. 4-Ax All A_i9l£ AiUa j9 Jj 

.<La j)Vta11 jy£- 

tLA£ l_la Aj^c. ^ q“i4"i — UJ^ Aa^ic. Ajl ^ — 5.11 u^j 

.^)L-^al! ^ jLojj V A^ j3 A-<u9 ^1 3ic. A-a jhi^ll ^)JC. .^Vn*\ jLiAl 
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AlUa ji,Li ^jlc- L-ilxllj 4-i2l£ 5jjUa jLiaJVt 4 -jj 1 j£ jjlt^a jj jj la-lic. t_i~5.ll JSJJ1 

. J ijilaJI jjjjjiliU uik £j Jtaiil 


fe) 





i eY 

f 

ojj^i 


4 ^! 


“Uac. _E C JjjLaj S jjjaJI (jaaiaJj iQo = e /2 4_ajil( jjc- 5.11 jLuill 

. jUiJVI tllLaljS £AaA llfr ,j£ 

^LLajLLa La^J ^1 /-V ~ j'41 il . 6. 1 1 _i i ^ 

to jjjS (_La _jl jS 4jkt g 0 = o Wial l (jaiij • go — e / 2 J go = o j^Lo. ^ (jliijLoila 
. ^ jLtaj jLiajl Aj!11j 2 .lie. ji_all (_j jLoij V g () = g /2 l _ s j^iall ^ajjj 


i iLu^k 1 


t2 J 1 /j j jjfLLU J LaoSj 

Lai Ua j n ± 1 Jl n 5JLaJI JliliV! 4iUall d_il 
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(9.11) 


A Ef = — 

a 


A E*=—< 
C 


\\u( n - 

_& v 

■ ± l 

;C ! + C,/ 2 )V )1 

h~{ 

<? A 


e J 

f[i + r„ 

_a V 

+ _ 

(c, + C./ 2 )v)] 

M 

<? A 


e 


(10.11) 


A E 3iUall (jl (j-o iT — 0 ^jc. (JlSijI A 

^L-GjoIJ (jl c. ^ VNJ ^)ljj LaU3j A_L-all 

■ |aW /lill oj)]*W j AajIaII ^ic- ^aJ 'XAill o j)-W^ £^3^^ 

AijUall ^jl c." n^k \ cLgjIj LgLoj eV A AW /ii -^ c ’ A/? ^IIaaS ^jLoljj 

(j£ Ale. <sLla]l ^jWjW'i c > vnj A_j| jA l_Lq A_ jiic. ^A^^. ^jl .£?| V I J Lajl J ^j^iW n 

jVi 6 jJ-Wll i.** i*\ u^ni \ x>K t A qj'Wll ^9j .IgJujij j (j-iilWWli (j3UlijVl 


S^IjJ aL ^ Auliill s n I^i-^ 1 1 ^ ' i 1 4 q l 1^1 \ l l**h 


u* 


aL 



V/(c/Ci) 


AjL Id jjlu,jj| jS3 J 7 = 0 -llf> /-V jUalj CjIjW la 6.11 j£-utll 


.00 = € /2 J 0o = 0 45$ j jifl jhfri a Ai^aj 4 5 a*^ J j J-a NNN 


(3^ ujJ^] l)^ 4} tVj) (j-ajV) l y* 9^ l)^4j ^Aic. ^ ^ 

.^joijV) Sjj^aJl (jAiVl (3^ 9^ (J-^-S cdlj 
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1 



2Qo/ e 


7 .11 JiAB 


1 x'llll 6 jj-i*s A_ii]^ ^nC. AjA^»J AF 2 j A£ ’ 1 iJLaXJjollj \ T^Aj 

^(Jsl 4 m ILl L_1 a ^ AjAc. ^AiLa AA^Jj .2 4-L-a^l ^)AC. ® J 




C 2 + C /2 


^=- 


C, +C „/2 


1 

- + 
2 


f 


n — 


V 


2o 

e J 

QF 

e ) 


(11.11) 

(12.11) 


4jI ^21 j V A m a L_li£l jjli l_1a < j£c. ^gic. ^j^aj ^ 

A *\^J_joa 31 J^Wl LaAaC-j ^{C\ = C*2 ^-^C- (_£l) ^j-jj^)lal ua\1 aJL^. ^^3j • Vg 

£_1aj tAjRjll 

C s |V|/e < (2n+l)-2C g \V g \/e (13.11) 

^3 &A ^^.^aII A <i)-i ia\1 (_ja jJa c_1a^1j£ A2ic. ^jl A^j 4/2 = 0 LaAaC- j 

(_£jjL 4 ^j^^JaLliA ^AC- d±jl£ IaIj .7.11 ^3 ^)jjLa]V1 (J^Ia 

.A_L-sa j (J£ A_x-uj ^liiiuil (j£-aJ c^jaLiaII ^ja j .(_)jjLo]V1 


i V A n» \1 (_3J^ <_£a1I Aa^.^ 21 jU^AVl A_nlj2 aJIa, ^ AaSLuj *21 6j1vn^ A£ ' 1 ^ uAi ^ ^ 

• ^2,fft (jjS Ajl^. j-o jLi^Al A_nlj3 aJI^. AjIL^j AE 2 ^ n.'Vij 
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AJaSl “\a\\ AjjIaHL LA4 j JjAlai) jjjC- jUj ujLu^ 5.2.1.11 

Single electron tunneling current calculation-orthodox theory 

L_lLai^. A jL-ia!Wlj ^JaLoll I^A ^^3 C. <ax .r-a 1 
(jl Vjl . A_plc. ^pbtA ^ja j jj 

<jl C5^ J^xll ^^ajoiJ . .l^lj (j! JJC- 1 j'qq'l (JUiljVl V 

l_s jja ^-LLd! ^ AJu3tij l_a jjoj (Co-tunneling) l^jIuIaII jji*JIj jl^.1 j 

(JLaJtllujlj n' A W x*lll A_ll_i. ft A W/l)\l A_1L^. ^JA AF'S H J 

CjV .}XA ^JA~N L_jLu^. (j^-Aj <3 J^)XA A F 's ll ^ uWl 1 a n*\ j .6.11 aJ^LxaII 

• 5.11 AJ jIaaI! (JIax!1ujIj 

Clalj ^ jjlll A_j\j o (ft) o^LuiaII (JLaW. 1 c_fl^)xj 

1 y^A ) i a_1U. ^ ls^ ^ w^iH ^ y^-j ( a ^ c> 

^1£]| (JIa'W^U IjjLoia aJL^. ^Jj ^ (JIa'WVI ^ o(/i) .iA.i^j 

• a (ft) AiwM Ajjouj^il y ^I xaII j . tg_^. jlW Jj ^qq'ill 

JV(n)r(n -> n') =JV(n')r(n'^ n) (14.1 1) 

« «' 

i> (JIAIlAA T 2 (n—^n 1 ) j r L (n — *n ') jJAx^AI ^ !A£ r(«— »n') ,j. « * ;-iTi 

i." A lauai (J£ ^Ac. ^ .a Jl tLiaij (jjjL^ajll ^je. n’ yu Jl AAUAI 

tJL^. Jja L*_a JaAs o j j JILall AALa. n 11 j. ^jA tA_jAl*AI ^jAlx-all AALa. . 4A£-a-all 

: Detailed balance Jl^Lall ,jjlj]l £jjll -ls^' 

<7 (n) T(n — > n +1) = <j (n + l)T(n + 1 ~^>n) (15.1 1) 

LaAic-j .Z n o(n) = 1 ojjU-all Aa^ui (jl ( _ s Ac. o(n) [JA 1 n5.a; La IAa j 

Aic. LjAAj (jjj jjASIJ Jl jLlAI A_A1 tlljli V /1 . ojj_^aAI jl a jja^IVI AjJj 

i_Lal£ ij- *• ‘ (jj'Al^AI J J . n + 2 n lAjJuLLIa jLpJt djLiilja 

.14.11 Ai^j-aAll <1 jI*a 

o j^uma'I jIjj L_lLal^. \ Vi^aj i(j(fl) 0^3^^ 4 Knil ^ jjj ^jIj ^*Jj 

AW xi'i J A_L-aj ^)4C- CllV lalj^U ^jl Uxi^ll ^^3 j jail ^ c ’ 

_a_lo^g£ 1I Ailii^ll ^ (diagonal) AjjJaall ^j-aLixl] AiiaLo^ lAjLiic.1 
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^_aLaV! ^qq ill (jl ^3 .ik^bj iA-pLaJl ^jjtx-all 4_]l_^. ^3 j .Aj£-o-q 

% 

iJLSil jUll aL «o"\ a <jLi£ ^ 6<L-a j ^}JC. 

I(V) = -e YMnWM — » n + 1) -r,(zz — > n - 1)J (16.1 1) 

n 

= -e X^(«)[F 2 (« — > n — 1) — 17,(72 — > n + 1)] (17.1 1) 

n 

<]L^J1 ^3 ^Ic. 4 W /lil\ ^£!^)J (j-G tilllA <_)ai] 4_jl ^11 l^)Iajj 

% * 

^)l_£i]! L_lLai^J <LoLai]l AiLl^la]! aAA ^^-ajoiJ . IjjLujIa (jjlL-a ^11 ^3 ^Lilll 

. 10 " 13 \.j£ij A^IaI! 


Co-tunneling mechanisms d jI&aII jjixl\ CiUll 6.2.1.11 

(JjoiLol 1 a]| ^)^*]1 Lg_i3 (j^fLl l >" L_lA^]^£ AjAC. 4_IL^. L_fl jjuj 


^j-Q J t(A F > 0) Aist-Lall t." n^>. ^yx (JjJaAA ^)JC. ^yxJ$\ A j^)j£iV! (_JA 

^_yx cIajLuj oLluislj La] LlS ;! a] . ^)q»*o!l (_£^LujJ V _jl. )*s li 4_ii]^3 ^li^. ^^Iaa ^ 

Aj^jj£JV! Aj^)j£]V! (j-Q (jj^jjfl]] (J^j J^aaI! ^JJC- 


(J» Vl3 b]^jLlulA]! ^tUi]! 0 La! . (jjliix-a ^11 ^C- ^^AlA Ujj£]y (JjolLuilA]| 

<j^)A ^c. (1) i^_j!iaaa] 1 ^qq ill Cli! ^j-o b]LiA . 1 i^>aa (J^ll! 

^\c- A jq {‘ia l_i£j — j jjfU! SjIj! L^uS Aa> jJj ‘‘i q ]‘ i 'n a LilU. I^_i3 (jriAat. n 


t^qqil! ^jjj^iuj LiK ^jjjj^]V! 5JLa. ^a j 1 _£_i 3 ^jjla*jj 44 jja (2) j 

.^jq/iA Sjl5l L^_i3 V j 

J 4_L-<a 2 ^eL-sa^l! 



VLt 




| Ec \ 



1 

x I* 



JjJSSlj 


1 


SjjjxuJ! aJA (j! .4 Jja jjc- (iljluLA ^ylaj jjjc- Sjjjj-uJ ^Aj«ua jj hh%4 8.11 J^uJ! 

jjIuijj! jill jjc- JLaljV! ojjailiU o-® J!j L® Ajac- Aaiala ^ 

.S jjjaJ! j jjjaSJ! SjIj! el jj j-a ci^lj <j! j]| Uli] C5 £il]| jjjaJb 
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^qq'^1 S^j^iuj 8.11 J<^11 ^->Jajj 

AjjIj^^II 4, W tftiW ^3 CjIj jIAj ^aja^II A1a\.^ja\1 ^3 ^j-g^IIj ^Uall l_Ajj^)I 


A^l j (jj^jj£lj cJ^ijj LaAIc-j . ^.<Ui\l C'l.hi ^j^jAsj o^ii-aS SAa ^gic. 

4^1 i ^i\ l 4 -s. j*n\ l <.h!E c SaaII J!)La Uiij (jlj ^jjjj^IJ 1^£jjjj Sjj^aJI ^1 Laij 

LAij djljj^)j£il JU&I o^)j^jjoi]I oaa (jAt.s-i\\j .4_aj)V^a\ 1 ^c. 1 j'qVi (Jla!ij| 

£-a 4_lajja! J (Virtual AjjJal jjSI) 4_1aA j 4_ll_^. 4 _Ljuj1 jj (jilL-a jll ^C. ^Cll3 jll (Jjiij ^ 
j . (> _ 5 lC' a_13j — JjJ&kU SjIjI cil^p £-g AiLUl jLpjl 

A^Ua ^Jj 4 A^Luj^)^1I 'LojJV^aII <sLLa c*iL <j^a1I c^^jLiAa]I 
(Ja*_a (jjfL t4_Al!i]l (j-G aAA <jl ^Jj . c > 1V1 — 

oAb £_AJ t (JjalL-iilA]l (J.AtAJ <j^)lLc l^)J« t.^1 AI^JjAaII 

. (JjudluilA]! ^,\x n n*\ c4_iiA^]j£j| A vte 11 ^Uaj ^^3 A *^jg a 


^-a^jjS aAc-lii (J^)a]1 ^)4C* ^^)AAa]I ^^4x11 (J^x-o c_jU*r\ ^j£-gjj 

^Jaxj c4_jJaiAAAll Aic. .1)1x11 l_jjI^a]| <AjI^ lL^\jlu^\ Lg 43 4_nAAll 


17 


_J 0^)J_JJjal]| fiAA ^j-G ^cjLill jli 


)Lull 


^elastic — " 


/j 


Vine R X R 2 


1 1 

- + - 


AEj A£ 


[(ey) 2 +(2^^D 2 ]y (18.11) 


2 J 


(jAlL-a^ll ^^3 (JjudLuilAll ‘ill ^)^jx]1_j ^jjj^)'Vq < Qll AsUall I^ixj LaA AF. 2 j AF \ Cll 

jliill _jAujj •eV « AE 2 j AE [ Ua .10.11 j 9.11 (jiil^lxAll la3j AAiiai J 

AAil j3 AjIaj £y g L_j^)illj /-V ^A^AaII ^ j^jAj ^^jjj ;V AAlljill \x*\a jjx"^ 

.\_mj ^jiAoll 

lill£ ^^3 4 _uiaxAg aII^ cAjl£ 1^1 1 a^)a aI^jAAaII ill 

(AjA^. JaIAgII lajl JJ C5^j 

l_^_i3 ^>ixJ Ajl l^^jAaaII \W IjAajI ^j£-gJj .^Aiill 

. 1 j'qq ‘l 4 _LILg 1I <L-a j\\ ^_yn ^4^ ci*l*44j t\ 


4_ja ijj& (JjaAaAall aIjAAAI i^A\ jj+c- (jjj Ua "cliSjll (_>jaij SjUxl! tAou 0) 

.h/Ec ^)j£! ^_^c. 4 \>^ilall oAaI! 


453 



_j ^)J ^3 A Ag a A W 4_ill (J^>a]I ^jjc. cil^jliuiA]| ^ _j mj 

^ Geerligs et al 19 ojXojj j^c. jA Lujj^j ^ Jjlj *^jai<JI jjjpStyl 

•a * 

^ALujj C(_)jULa]1 ^3j .<L}JjjJa]l A^-LlLallj (J^juj 3^}iiA ^jJ-uj^jl^)J 

<a j)Via ^3 ( — 1 — 10 nm) _j* SjjAjoi Aaj^x-q CjI aj^i-n V] ^j^aII ^jIiAaII 

dl^jLlulA]l ^.33 ‘ill ^)^*_]| ^_u1a]I y (JIaXJjujIj diljj 4_L-£ 3 J 

<c.l_lia]lj J^AaI! IaII ^ j!luj^jl ^3 (JjliJa (J^xaj (J^)a]I 

JJ A. L^aj (j-Q Ij'aC. (J* \x'\W h/E c (j-Q (J jial oAa 


JA 4 Jjiid UJJJ^Y' jjlwjjljj 2.11 

Superconducting single electron transistor 

NSN ^-ajialAll AajjaJI Sjail) jj£ AoxuJt JljSoj) Aall 1 . 2.11 
Sub-gap charge transport mechanism in a NSN system 

J^IaII (jjjSSiyi ^ A W xl'ill (Jlaiijl CliLJl ^-3 Vjl l nlc. 

Normal-) (Al) Jaa^jSJI a ! jlall <_£jlc. j-ixA ^ja ^jjc. ju^^ll jjj^IVI 

^Jai^lAll 6 jl ^ Jjlu] .(Superconducting-Normal NSN 

(Andreev) L_Ljj3jl ^ jln^sj NSN Aa j3Via\I ^ 4_JaikiAll clAjj] j3 j 

n^k t dll o ^jVl o j)3*vsll . l S^)j3 l.Ag jaahi ^ ^j±n lllilo 

Ajfy llSj dll c4_L^a^ll l_uL^JI t> . ^ ^11 1 4-lx-a^ll ^1 3 j! j 

^Jl Li^ij Ajl a Ij^. dllj jliic.1 ^j^ajj . c. <ajjjAjl 

2 3jl j l_i£j jjjj is^ ojixk]l j . 20,2 hooper ^ jj 

A. i3 jxxiSn Ij^. tilli jliic.1 ^j^ajj .L^ajl c. Qjj j ^1 

< 1 ^ ^gJJ j LpjJ&l uj^Aj 

l_Aij (jVl ^jjjjjj^lj J g.1 V’YuAj (JjaiLuilAll ^,'qqi'l q t, <ajj jAjl Ij j)-a^ 

A-l3lJa]l djI^jLiic-Vi ^-lj C. <1 .oj1t\ (j£ ^3 

^JaJ .NNN AajA ‘ia ^3 jjiloll 


o^A (j^Aj \ j lAar a LujLaj (j^Ld-o Ifljli ^Isljj Labile. L_SLJJ^pjl (_3 a*JjojI 


(c) 


.Aaaiill dLyL-a^ll ^Ic. 
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21 e t 

a jjLajj ^jj^A i L *<i (JjjI^xjI J^xa L_jl_ud^J j . Ljajl l_1a^1j£ A_Uc Aj3 

IgJjj j^jj Ajjliill Ajj ^>a]| j>A Sjjjjxaj o jjj (jA Sjlxk l£ (Hekking et al) 

UUj (c_Uj^ jjj^j ^ (2 o j 1 o JISSjI J jl .JUll j^-ill ^glc. 

^Ju)^ A_lial tg_i3 -l^.jJ A kjul J A_IL^. Ajjl.Ij A_lLi. (jA Aa^^^Ia]! jL -a^A SjjJ^JI 

J) USij (j^.1 l_Uj) j^.1 jjjjill J£ijj JUjjVI .Sjjj^JI ^^ic. 

cil]j (_£JjJj CjLgJjajJI oLiajjI £a A^.jl jjA aJL^. ^1 A_L-a^l (jj^j S^)jJaJI 

(Bardeen, Cooper, and Schrieffer) BCS aJL^ J] Aa j)Via' 1 jli*j Ajjj3 jUjI SjIcI J] 
L (Ja\.5« 'll (J^xa ^^-Laxj tAjjl^j]! j A 3-ijm ^11 j AjIjVI <JjoiL1a]I CllVl^l £-a^jj .Lij^ll 

: j i A_L-a ^11 ^jc. 


~^i / A /7 ^ ^ Andreev 

- Andreev i ' ~ 2 


-1 


(19.11) 


J^=>« ^ G' Andreev J tJjjjjjilVI ^ JlSljl pliii J Ailkll jiij jA A£ ; Cirs. 

^9 (jjjj£]VI J^JC. aJjIxaI AJjIaa e^A J^xaII aUIxa (jl Ja^V ./ A_L-a^l ^^9 t, 

A jk^^A (jl ^Ijjjjollj (5.11 AUIxaII NNN ^^jll (jA J^ijA (jjJjfLlj _J jJjojJjl JJ 

U jLk (j£] . A_L-a^]| cilU Aj Ux]I AjUjll AjU^t^a]! Ja«A Jali A_L-a^]| ^9 lUjj j.ljl 

jLaaIIjj .ijjj^ljU ^ 11 J<; a A ill ^Jc. *- Qjj j.ljl A_iL>-a^A Aajxj cA_plx]| A j\a^i^a11 

s * * 22 — 24 

(jA SjjJJjjJ L Qjj^)Ajl ^llxjl jl Jl I Jajj . jjJjjjilVI J J^jl J=ujJ 

£3jjj Ajl9 ojjxj^a A_i9li-uj Ijj jjl j'^'i LaA ^jl ^]j tA-iillil! A_jj^a11 

j| ^i3 .Ajjlxll Ajqq^ll A_iL-£3^a1I qa 1 l dil_Aj-a ^a (jl 

j^lall Jajl jjj (JjC-IAa (Ja^jj t jjjjix-a ^11 j}A L_1 j^Hj A dl\jj^jj£lVl 

6 5X10 ^ 1 j}A \_aj9 c. <ajj jAj! Clll_iL-a ^a ^.Ij iL^ij O^jlxll CllljjjJ^lVl (j^J 

_)^1 A V'iYu^aI! L_flJJj^jl CjLiL-a ja (jl V) • 1/R ^ (j-Q lj^^ jar Aaj9 d^Aj 

(jA ^)Xj-al (jjJjjj^lVI ^>^1 ^ jLoiaII (j! 1 . A Ajqll o^A j)A o^)a 10 

(JjC.Ua .Ik! L_L^Jj (4 jj^uj JJC. LaA AjJajjiAll Aj^Ull (jU cA_L^a^]| ^jjjUa 

c_fljjjAjl AjL-a^A (jjoi^J jIUa Aajxj (jl ^9 jJJj . a^jjuil-iA (jl Uj.i^I 1 ^^9 j^Lall _Lajl jjj 
^ic. j t(jjJjUjll (jjjL«a ^11 (jA L_3^)i]lj (jj9^1l ^g, A*i,Vlg \1 J^lll j^Lall -Lajl Jj A_lajail^J 

,(_^_j^.VI ojJxjII ^9l ^aj l_jjI ^jaII ^9I^a 
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SSS Majliiai) ^ AojjaJ) Sjaii) MaaJ) Jij Mail 2.2.11 
Sub- gap charge transport mechanisms in a SSS system 


^ jalj)Via A (JL^-OJ ©^)l^)^. .lie. CjULij 9.11 J^a'I 

laGjJV 1 !^ Hjli dj^L-a^-o 3* (3^ 1^3 lJ alllL A m \ ^j„1x-g 

4<c. J-uiJ Vg 4_nJ J V c-IjjI ^ jlnll ^LiS ^ . 26 (SSS 

J^lll ^ Kull .4-4 ^A-g]I /(V, Vg)^)Lu3l CjIj Wu L_£)Ic. J^joU3 

dj^L-a^G 4_^j))o \a 1^gj))^i i^qII 3I »960 JIV -lie. bU> I Jj)* 9.1 1 

4 Aijla © ^^-3 -ll j!L c." n^. t Y = 4 A / £? -1^ I 3I t >. t Hjli 

% 

AajI S jjJ ,jt 660 pv -Ac- S jAliall jlii]l (Peaks) <_j jj -A = 240 peV <_£jk4 j 
jjje. .ixj U-p J.^i-sj ^1 (Josephson-Quasiparticle-JQP) "2e-e-e" J >~4j j >?■ 


aAj^j jl ~ , w -'^ a u^] jj!>LjaiL41<i jjLiiij J j ^ ^ ^ ^ jJj 

llSj 1.1^. jj« x^n jliiJl 4_£i] ^3 Aic. 'LojlV^ll tiljLaiJ LiA C_i S jjuj . (_£^ykVI 

.9.11 JS^ll 3 * ^1^31 $■ 3^1 L5^ uj.^1 ^^IgII 

c4_1aAVI 3-° l£, 3^I AiUa ©1 a Hjli]| Cl3Li-a ^-all 4aoj)V^ ^^3 A^cLi j 

.(Josephson coupling energy) Ej Jjj^I ls* ‘A j E c J] <a3-^J 

3^111 AiLLa (JjC-ILg Clljl£ iE c « Ej 11] lAiUnll ©.A^J © 3 j3g!1g C1j31j tilLlA j 

3l£ Hl_5 1 .\i<g11 c.” 1 i^k 3-° ^g^JsiIaII C* l^*.^'‘il j t©^li_x-a 

^r u^ii J ie ."iVn^ Cll^aJajlj 3j_P^V^ L>^“ djlsUa c." i'^jA iE c » A 

lE c < Ej < A 3jli Lg^jc. (_^-3 ^LiaaI cIjVI^II 3^1 Lol .^Ia _jjc. ^ jj 

<_£jLujj 2o ^1 4 w Aj <11^11 ^1 a ^ lijli cilLiA 3’ <— a j-^j 

• 15 2e 


cillljj (.Ej ~ (jR 0 / /? s ) A « A ciijl£ t/^ s » R q 1^3 diil£ 111 

. 3 jWj^ (I nequalities) 3ll^.ljl<JI 3I1IA <JuuJa E c — S Jla«o ^ll^A 3 j^ 

|r = 0 Aic.^ LLgLgIaI 3 ^ C 5 _ 3 ^ ,V ^I l -^- J ^ 3 a]l 3 *° A 3 - 3 ^ Lli^-GJj 

g \ jjl 3 j^j Claljjjj^lVI 3-° cr^* 

©_jj3?^I 3 / C5^^ a E P _ j E n oSSl . 15 j,j£ 

J^G>^> \) = (pi + (p2 j cLg^Iij jjiall 13^)3 (p2 J (p 1 J cAJj-a^JI ^^Ijlill 3^^j3^V^ 

3J^U-«JI (jjlill jLilll i . ' ■ J . A '.og A E c C\ aJU. ‘ A* ij-n. . 0 UJ ainjl 

:aJUI 
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( 20 . 11 ) 


Is — 


2e E j\ E j2 sin v 


n 


Ej(v ) = + E) 2 + 2 E n E J2 cos v (21.11) 



n .SSS I(V , Vg) CjUUj 9.11 

.00 4-®^ I jj!i£ .iajju ^ Jill jLnil omj c uJ J 


f 31 ^ ^ ^ ^ _ _ 

^jl ‘ AiiUa A_i3 ^xlaj ^511 E c > Ej *■ .l^JI .lic-j 

^jall Sic. t(_jl) n (jjj (Degeneracy) iS^SS\ Jalli .lie. Jjjlill 

(g,/e 1 AjJ^all A -s ..Vll 


2e E n E j2 sinv 

Ji lE j 


( 22 . 11 ) 


.a!a^_a]I E c aJL^. ^ 20.1 1 aJjUca]I L&Lj.ia. j a i ^ ^ • o's^j 

:(_j jLmj Ujj a-ojs Jl (jjjlill jLu]l (j-aillL 4 J^L^jY! 'l-^' Qu AiL^a!! 4 S*S±a 


2e E n Ej 2 sin v 
T AE C 


(23.11) 
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^21 3dj A.WjA £-a 2jj3 UJ^jjLfr^ (j! ^A <j-a^_kJI 

422.1 1 Al3lx-21 ^3 dLlaxA ^£jjk-sa3 A-<u3 ^)Li 2 l 6 ( 2 (/^ ^ Aj3^)2I 4 *^ 2 l 

ln» >/in 4(J^ldVl (j^J .0 3^2^11 dLyLk-a^ll ^3 (Jjj 12I ^jl_i2] ^ jgx a 11 ^»j21j Aj^ULa 

Ajaja^H j Aj^)I^^Ji dljjli2l ^j! bj^j!ii^\ ^)3dj •EjlE c « 1 Add (j-° ^JaIxj _jLi2l 

Ipy-* jlnU Aa j3xa ^iC AajUiaj J)Ja'u ^2! ^^L21 c." fu'In ^_£3 jj <jl C^H 

. jldll l) -0 j* fc^»l Jl3dl jlA J) ^212 4,-vjVi 

Aaiua^ Aljli Sjjj^ V“^' Jj*^» 3 . 2.11 

Parity effects in a superconducting island 

Aj3j ^le 3d*j S^ixj-slII C1jLaj))V^a11 A aIjj 3^a^j21 q\ i_a^)x j ypJ 

4&^)21 sl_A ^3 Jaj^)]| AiUa ^jl tiilj aJAaI (j-oj . AajJViaII ^3 N djl^ua^sll 33 c (Parity) 
i2l3 ^jjfL 1 a n^. Jaj^)]| AiUa <jA ^)j£l A2l«^ j^ll dljj_j!i2l j ClAijj j^>2l dli 

o^jxx^all Aji3a a 11 Aj3j' 2» 11 dale. ja~n a!1 ^3 A^xLola a^Alla dj3^. £3jjjj . 32ld^>3 ^*^*2 

CllVl^ ^^3 (Spill) U*ill jl^ ^aJj321 J^UjI lUtijj .3x21 3)*s ^11 C1 jLaj))V'Ia11 C5^-3 
Aj 3^)21 d\jj_jj2]Vl 3l3el djlj Aj3j'2x 11 idle- ja^-21 i^_y . ajl £)J& t 3^)Ai21 ^Jjoi^JI 

.33 A2xdA A_i^.j^]l j 

AiUa c3^ Aj^aldjj (_£3_^21 ^)jaljj^UI (JiLJ 4^j2lii21 ^jj2fc !>l£ ^3 (j21 

33 j . 4j^j2jj3 i_^a j2l 3 j3^JI 3d j 4 d\ Ajm^ll 33e 31 j 3 jl £-a 4 ld21 aIL^JI 

6^2^ 4 1» Vi A3J^>laJ Aj321 (J ^xLo *.^'1 A3j 12I <2j-a^-21 (j! ^ ^^3^.j 

o3^)l^ll L-J^jldill 3jqVi (Jj 3 . (Ji2l d\jj^A^]j {ja (10 9 ) 4 jsol\ A3 jli 

Aijlill d^Li-a^2l ^3 Aj3^)2Ij Aa^j^II ^>^2^ (J JP*-La Sj3 ^jl 3^ar j ^jl£ 4^2aL2l 13A ^3 

^3jj V N» 1 (_3j 12I (Jj-a j-2! ^jl ii _ 5 2c. Lq^ac. (Jjli2 Ad 12 ,1/N 

J jxd oj3 ^jl (jd s^juj lljl V] dLoill2l ^Iuj ^3 Aj-dL-ad ^3 Aj3j (Jjeli-Q 

(_y° A/ - (jC- AiijjoiA ^A tl/A^ lA-° V AjJaidl 2 l o^)l ^)^JI dL^.^)3 3ic- Aj32I 


^ ^aJjoi^JI Ado dljljJ 33c. ^3^)22 o^ylViA A L-sa ^ic l^_jl (j^A 23x21 Ui 

(J jLxj (jjalt I3A .\j3^)3 1 a j l_i^.j^ 0-3^ ^ a n^\ 

dl^^)3 3d. Aj321 (J^xLq y_)li 4 A^jJ-ViaII ^ y_)C. ^>Ia2l T = 0 Aic- 1 l^iall Clua. 

. ^)j£l 4 1 . Lo^jc- ■ a. l ^ 4 1 >>q-^ 
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JjxU J 4.2.11 

Experimental observation of the parity effect 


j) Vu tAjAlll (J Aa\C.\ ^JaiLA! Sj-uj 

LaAic. 4 jI Lia»jJajl A&] .3^)1 ; NSN ^ ^11 (j-Q A^>ii a 

AiHall ^A *Laj) 3 Vl*a\l AiUa qj£j c^ix-sall ^j-o V 


u= (~ en + Qo) 2 

2C Z 

LoAic. j Jc. <jJajlill CjU ijjSSWI AAc. ^^Ac. <>n ( ^£- AaIju ^Illl 

A *\j*\ ksi l <L<u 3 ^c. go Ag1£ 1 ^jIaLgj Tl _jj»* n ^ic. Vg 

J] A: cina> & + V 2 O- 0 ) (Half integer value) 

e ^jLolj jjAj cljjjj y duliil! jLi^jV! 4_iilj3 Aic. I(Vg) jl^l uj^ lilj aa*JI 

5 = .* > 

.Uaij JjiLall ojj^V' J jal jj ^^ill 2 o/e 1 ** ■ '•»" t «-^'' Sic. ^ jji ^-o 


(24.11) 



(V = 125 (lV) jj*^a jUaJI 4 jj2j£ Sit- NSN 4jj*J Ajjjjaj /-Qo cjLuai^ 10.11 JLuJI 
jaJ ^IjjII fjs. iii UlaJ^ ) Ciajj jSj .300 mK j 50 mK Cm Sjlja. j- « 

^jtuu jjJj lla. AjjjJ uLu^ldil (jj£j . -uJaii-Liii SjljaJI Cjla,jJ .lit .**Luaj'sf! 4 _uu 
Jj» e LjLuJ-G IAjJJ JLJ^J lAlljW 14 II jJuj cIo^jjJj 9 jl jaJI “L^jJ 4 jJj LaljfrJ . 2 e 

9 T*~ 285 mK 9 jl jaJI “La. jJ jj*j 4laij 
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j)A jJa j ^^L aII I-Qo (j, (jl t A ^-Ul <fljli d^)J jaJI U-J^ Ui.lic.j 

j)A A. C. ja^ a 10.1 1 (J^joiII (j^JJ «2e (_£jUuj ^ u.ro.1 A^jLola c_flj^ja 

4A]!La ftjl ja> Cj1^.jJ .lie. (T c ~ 1.5 K 1$j 3 SjjjaJ) NSN 4is*J I-Q 0 Ci l/iVi .a ' t 

Aj_jjJ CIjUW^aII jj^£j tUj.jl ClaL^^p .lie. j . ^)ix^a]l (_£jUuj ^ unlVia a (JL^aj 

j)A A^.)^.^ Aj 1^)3 ^j}3 lie. (c_fljjjlj| Ua 3^ Ul^ (jjjj^jKlJ J -0 2^ (_£jUjjJ JjlJ ll^. 

JJJUJ SjjjaJl ^g-lc. CjUjjKtyt (jl ^^ic. 2e — 1 (_£ jLuloSI jjlll IaA JlJj »Q{Jc 

jljfL (jl jjJaaj S^jjjaJ! (jU llAj .Sl^lj ^jLjj Sj^ji (7() jU Vi Uilic. 2 ^l.vUi 

(j-saSllij tSjl^^JI lUl jl £a j . 4 nar a AjIL ^^Kll (JUII ClAjjjKl] 

lC.UjJj . (jjjlU. (jiijjl (jjj a 1*1C» j^ilAja JJ U^Jjlj d jji JS jj-a^jjj tc. Qjjjljl (_£ji 
QJe ^j 3 ^JC- jUj £-<* IaIaj (jiiL^ailo (jijjjj ^1 jjVjVijj 2() ^ jl^Ajqll (jUlfc 

• A. i^. jjll ^iill lie- ^1 tilli j)A jLiia ^Ac.1 AjJjil! A^j^t^i'l 

QJe ^ ^ja*s lie. AjjLolIa ^a UK e UjUaa jUiJI ^ u^ij l^iklj 

13 j .o^)l^)^JI A^.^1 ^3 ‘Uai-jJa'21 SlUjll £a ^)Uill (Jjlxj ^)1 ULa llljjj (.A ^^11 <n 

CliL^.jl lie. 2e (_^jUjjj jjIj <* UAVi 10.11 (J^jouI ^ I-Qo UjIjW ia'1 (jl Aj^Vill Cliiij 
^jjoi cjLuaaJI si* j$Jaj V ‘cjji Coj 285 mK -litj .275 mK Jj-=jj s jl ja. 

4T*= 285 mK — j e jj-^1 <JJ 2e Cy> JCiijVI S jl j^. j^aj I il .Jaia e jj^l 

% 

. A nx II Tc o^)l^)^JI (j*iA*s d^Aj 


37 — 39** «• » » 

CljUUa^. ^.I^)^.j ^^j^jjJall j}A t jLalK 1 Ag,3 ^UaaII (J ^*-9a 

Clilj ^-jjl jUUI ^t- UjI j A a~\ xai'^aII o^V*u*ia\I ClaV^-il (X Ja~n Ajjouj^) <1jU_a 


jU^jVI *^ c ' ^,3n\j3 aJV-^J ^jUII jUil t<L-all 

jU=kjl c" il nl j3 ^jc. j .V = 0 ^jc. (jjl jjll ^j 3 (jA Ujj3 CIjVI^JI UJ^ tUjJI 

L_LujUj (JaLu V ^-0 JjlojJpl Jjll jUill jUill C__LujUjJ jjl £3 J±1 t C_fll£ A »>iqV^A 


jjJU (2^ jl e ) jUill jj*^ Aw'ij jpl .(jjl jill diVl^. ^Uj (.T j Vg 1 £^U 

jLojtllujU <Ual_uiJ j£j ^ajoij Lq liA j . Vg diVI^-il AuS (^^1 

Aaj^)la]| o^A (jj .A 3 a\I jU^jVI CljLnl^S Aic. ^)U^^ ‘SLU^ (j -0 V ^ AjjljiiA]! ClaV L^JI 


.2^ Ujj^ll Ajjj ^jc. o^c-LoiAll 275 mK Aic. I-Qq 


Jo joUl KiJI W 
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4jLi3All AjajS AaAd UJ^ O'* I ( Vg) AjA^j ^gic. lA^L-sajal ^t . ^)j tlA^. oAiLa Alajxxnll 

.4_ki ^Illl 4Jt-lx-aj 


JjiUI Cjljjl^jjljj jaijj 3.11 

Implementation of single electron transistors 

Iujj C’ <ijli Cj^Lx^ja ^ya Ag-ju^/o 4 n« \ o^)jj-a 11.11 (J^juaII 

cJ-l*- ujj ^£aJ (J^-a^A jA ^jJIaIVI (jl .AI/AI2O3/AI 

_j j!Luj^jl ^Ax-a ^£aJj .AjaIxJI aJL^JI ^9 jl 4 LjIA]| 4 j\x^t^a 1I <1L^. ^2 ^ill Ia& 

C_L>Lx^^a]I c flU^, (jAIjlaII t Lila (JLajLIujIj SET J^LiaII 

t Lilli SETs 11 ^4^1 *• L-aj (. S^juj t^.lviAll lAA . A Ix^^aII C 1 jI^}a 3^]I j 

- 4 11 j) l ^->\ 1 L^sl 1 1 >«^ ^\ 4A^11 ^ f - 1 /V - ^a 1 ^ ^ 

^3^* Lai jc. jjJ AiL^Iaj SaIc. dal j j!il! Iaa ^u/ij 

*^j 6 (Shadow evaporation technique) ^gilall j A ni l Liiij 1 $ * /VI ^1 
. dal j))a^ll aIuaLuj (/^a A )Vq ill oAA ^jj>S*n . oAA £_i±x^a_ill 4_ukj Dolan 

. (jj)Sjlxxill ,^i UxiSl (~ 30 A) AAi3^ 4_i3a dll 3 ^jj)Sjlxxill ^ja A \ i^x^a Aaa±i 

~N A . dllj J^Jj£lV 1 AujI XX) <illaJ Vjl ^lll'l 

<C. jiI^aII o^jj-all ^Jaj ^aJ .4iilii^)]l ^^Ic. S Ja 3 I (JI£joiI <c.l_iLal (SEM) ^joiaII 

^^Ajj Ia c^AxaII ^idiill Aajj . 4djjj^lVl 4 _a 3^ djJa^xA ^All J^LIAa!! a!\ _jU 

^^yUa^ylJ L_Aj£11 ^ya cJj^^ . (jjPJxxi^lj 6 (_5^ AjuLaaII oJIaII ^ya 

.£.) lx A \W CIjI^j^Iuj Jj x^alij ^ja *^ 3“^ LS^" 


SETs 1^ LS^" VNJ to J^)V ia 11 Cljljj3^lVl (JjC-ILa Ax-a^) A_IXJj 

AjuoiI 0.1 meV (jC. djlsUa (jV i^CJaiaAc l -^ Ale- 

•* 5= 

tojlc-j .1 K ajc. AjjIj^JI A^Uall ^ jLujj j tlO -15 F j_ja AJLa ^.1 

o^)l dj|j ^3 o«^jaa ClalliC-j ^c.\j_j ^jxi^ a 3^*-1ujIj (JLj AjIjujIjB 

. I Aox. 4_xA aid-a 
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2 Sjjja. £-» SSS “UjC Jjjj j jil JjjjSJI Jjluijj) jl IAa. » J&A a jj*<a 11.11 JiuJI 

£ * 

jjc ^SaalU ^ *u u AjI^I luajl s qjjjj .70 nm Lt^la JS (ji j& qjjjjjISIj (im 
.(I jjium J. Hergenrother jjjSjJ! 4iil>a jju) SjjjaJl yle LjUjjiityl 


AalUtll <JjoA ■ \ o^lc. JjjjSIY! till _j jjjoiJjl jj i—L^aJjj 

5= # ^ 

_^jLuia] Ai^. i\j,u.ij)V l i3t < a 4 T~n x> cJ^.1^ L2lc. CljLujLiill 

4 m '1 ^Jl Jj-aj V d 1 ^jLolaII ^Jlxll grj^x^i'l .\)*aV'i l_l^j . 

o^C-Loiaj Lg_iS 6 **'.} (j^ ^rj^x^nW V]j 

Lxua j . (JjIa cs^’ cJ^j cil^Lai (jl ^-oV ^ 6 cj ilj 

ClaV <jl ^r x>i\l cA Aiilill Qjjp^j^n djljjiodpl jj 

. Qj^qjj dj^L^a j ^3 Aj^j^Jall 


J jilall jjjoSJyi til jjiuijjl jj Ljliajlaj 4.11 

Application of single electron transistors 

MOFSETs djl j jluj^jl j’lUjj LJIa. d_L>Lx-aj-<2l l— fll >.s-x\\ <C.lL-a ^JaluiJ 

.^£-uAlil! (Jj-aali djl^jj ^diC. CjG' ^ £ "i^Lojoj AjI^J dlujl^l dllj <Lq\^“i < q 

Jc. <jJai^-La CllLiil^S Ale. ^^3 ^jIjj ^j-uill Aj^)j^)jJa <£^3^11 AidaC-Vl d^Aj 
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4_iju 4ja1^)£V1 4jA*j dliil j3 ^jAadal ^gJj j» u^o^'li .AjI A jjjfU] 

<j\j (JjJ^}la]l Ua^ld Innj .aA^.1 j Aiilij^j ^jAjJa dal _j jJjoi^I ^)j]l ^j-o Aj^a J 

5 ^]J <jl ^21 Au.Sl A£Lax« <J-a2d J jdu^jl Jjll Jjjt K^i\ ^l^li (jl L_L^J 2012 ^Lc- 

oA^A^, ^Jj Ajl^_l]| ^3 Iaa Ajja^VI A^Lqjoj (J2aj (J->-aj *■ ^AHaj^ • (jjjSjLn dl^A 

(Jjlxll jLi^il ^1 (_£AjJ A J-^l ^Q'Wll dlijJJ^lVl J^iC- (jV 4 4 -IiojIjujV I AdL^iill 


(jalLaSl 4j^jl21 dl jjlaijjl Jjll ^T uAu« lillll 4 >/ 1 ' 1 J 

<_jaj .<jjl^_i]l Ua^jld ^jjlV’n dLuilLoj dlc.^)juj dll <1 aI£Aa dl^)lA 

oAC.1 j dlL-al^A STE AjiiJ QjJpSilVl _J jJjoj^jI _JJ ^)3jJ 4 dl _j jJ-uj^jl ^)21 4_i^.lA 

■ AK 2)11 <2lx]l 4-j-uil xa^ll j Ia^. ^didiAll 43LL21 cil^L^dul j o^ixj-all dLujlLall 


La] llSjj .SET ]1 ^3 AW 2ill (JLiAjl ^JjJajd] dLu>ljS]l ^ja AjA*J1 ^^^,1 a1] 

t * 5= 

dljJjLill 4 _uj1jA ^j^AJ 4 jjdljjl j2l ^J1 dUjJjfUl AiLdL 4 IdLuJ fiLidli 

46^j^)^J! dVLa. ^a L_jUaaVI dVL^. Jajl jj j 4 *ojj__ 1^JI dlijjj^JVl <IaI n a 11 

^ic. nSll SET ]1 S^aIa (jl . _j jiluj^jl ^21 til jLoil Idlill 4 jL^^a]! ^jjju AjqjS J 

^)L_£ll] ^uLiLo L^Aa j 4 a *U]l oJ)^_^.l dLa^iLaj ^3 <1 LaaJjo:Ij ^lajoA ^j\j 21 ^3 ^£di]l 
^3 lAa. oBaLa AiUal] ^paidiAll l$£^L$U 1 g 1* >J J • ^)Lj21 d^jjLla (_}AJjliiAj 4_iujLuiaJl 
4juA j>*i^kllj Ldjl dl jAuj^jl ^j21 tiiL cdjdLj .Ailj£ll 4_i]lx]l A j‘43-a 'i^qII dl^jl^llj ^)£ljl]| 

^jdj 4 Lg_l3 dljjJ^illj ^C.Luia] 1 ^qV^l ^)^*J1 Ja^, j\ ^3j .l^_iic. <iilaA]l dlc-lx-uj^U 4_l]lx]l 

oj^Lc.^ . dl_a.^All dlc-Lxdl dljjj^S ^}-aL»-allAi < ^jl Idajl ^jSa J Lg_jl 

I AA (JAll L_fl jjoj j . ^^-uajJdxA]! (Jja-dll dLlnlaJ ^3 L^JIa*Jjuj1 4 iAHI ^ic. 

. A^)11a]1 ^jj^jj£ 1V1 dl _j jdu^jl ^p] <j£aa] 1 dLlnJaill ^paxj ^Ja'q^ll 


Metrological applications 


cjUUI) cjlluki 1.4.11 


Precision charge measurements aW/m\\ aIjSaII ljLuiUa]! 1.1.4.11 

AAiSAll a,w 2ill dLujLil] o^LIaa oIa! SET a^AIaI! ^jj^jj£ 1V1 ^jiluj^jl^jj jiixj 

AjaLxJI aJL^JI ^b LaI 4'\-\ t!i\W ^jjjLil] SET ]1 (JlA*dul .L^J a 2L*J1 diujLai^. l-ujoij 

4 La Vi dc. jLidl 4dlj3 jjlojjjl Jjll Jc. ^J-aj 4oAlc. .<fljlill A_iL-a jaII <SLa. ^3 jl 

c_j jC.^)a11 4 W Jl\W 111 .Qq AjI jJI 4 W2i ^ >U1 jl^l] 

dl W A‘i (_>^Li3 tillljj .4j jJIj JIxaII jlnll ^Ujj 4 j jluj__^jl ^lll AjI L^_ujL3 ^B 
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Adid ^j£aJ (_£ ill 4K xl'lll 4-jl f\J IaI .£ AW xl'l (jj& l^)Jj£ _j* 

< ')-. >uU AjliijJ JjiLall ojj£N\ JjioiJjljJ j3jJ lilJij .10 Hz Aic. 8x10 6 <?/ 'JTlZ 

.(_£^}dVl AW /till ^iAj3 &^)3jJ Iaa l^)jj£ (JdaSl 

5 = 5 = f > 

333 . IguS AW xxill a£^)^ 3j-a^)l Ax.^i1a dLajlViAj Ij^xjoi Idjl SET 11 U^J 

Cllljjlij 3x-a^)l A_lx-a ^a c dd Auaja^ Jaliijj ^^jll li& ^ja A n3» a dl du^)3 

* 45 

33c. ^^ic. ^ j Wj (jj 3 j.wM A jU^^aII Aijli dLaJjai^u du^)3j . I_gu3 AW xxill 

* * * * 46 # 

Auxj d^^L-a^All dL-ajl ^_uia 1 \ djl d ada'dl j . dljj^jj^lVl (JA £_£3^}3 jl 

l_u! jxi^\ ^ jjj dlj jlij 

jUSll S jjbui 2.1.4.11 


Current standard 


liA ^)^>aj . ^jLuil ^^Ijxa q a (jj^jjSlVl dal qjjla a ^ja 

cjUi <jc. ^'n 1 ^ <y (_£jLaj tJi*_Aj o^>jc. AjjI^AJ dli j^pfllJ (Jdj (* _$!*■* jld 

iJj3*j 1^-1a cAjVqMl 6^J a^IWaII dl^jj^All ^ja 33c. Ad ^jld 33 I .1 =. e f <_£jIjaj jLu 
Jj3*j jl ^ ^A jqq all d^L-a jll ^)A Adda ^^3 AJj^aII dljl^ll dLiil _j3 

Aijli S^)l 3 ^3 ^)Jj£ ^1 _j_jl (Jd j i(Jj-a ^a c. <axrf-ai <_ja Ajaja£ A Jo^'i ^3 A_iiill J^l^^Jl 
dlj j^jjSIV 1 AdjiAJ ^-ajaJ Ia ^3 A_ujI 3 Aj^jLixaII ^Liill (jAjlaA J&\ l- 0 ! • ^ 1 Aj \ x .r-a ^ a!1 
a UWia a_j! jj ^a aAxuLaIaII A_iijll d!>L-a ^11 ^ja 33c. ^ja dltii (Electron pump) 
c^gJldll ^lc- dljl dLuJji Jjjjdj .d!)Lx-ajll ^Jjj o^jjJ)^. (J^j 
15 1 3A _j\-A^l (JaiJ^a ^3 i." )Vh'i A3311 c." ax l^i 33 J . A_iij]l d^L-a^ll A_liix^a 3^)iiA 
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Information technology 
SET memories 


jIjIaII ^ja 1 ^ 

cjUjkAl) ijlij 2 . 4.11 

JjaIaJI jSlji 1.2.4.11 


^3 l3c>lj 1 j‘i^A A_1 a AiUall ^Wwll g,*W)l j ^ixj-all SET 11 

^nJajU AJjli SET !1 ^)^ 1 j 3 j 3 jj cA_iA 1^)11 A_L^.^)a 1I . dLa ^1 *_a 11 Ajlij A^-lda 

(_ja .S^)^l ill ^idl ^dj^la ^jASljj d jjuj ^ 1_aj3 j . A i la \ a 11 SET 11 dl^)l3 ^>a 

Aid £jC- A WWia DRAM A jSjaIjjJ ^jljjoiC- ilij S^j^li A_ilk JjVI Aij^)lall aJjaI 


^3 Ajj^)do dlj A_*daJ 3^^. j ^»3C. jl 3^^.^J l^_i3 dull (Juaj 1 a 11 
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^Ic> ak d±jl£ ! 31 j t Ajlwli 1 LoAic.j .SET a a W 2i Ak^y j 

cIjI j .l_mj ^jjjj^ll j^lc. La 1£ SET Si yp jLilSi tS^j3^S 

c )\ W tilliA i^i j .(Offset charge) AuIaj^Ji a w2iSS <-<u3 lie. jl_p]i 

. V jliili u!^ j^3^' ls^ 

MOS ^SET — Si oj^ii 3 * y^\ ^jilij 

Si o^)£ij \j±& j jluj^ji ^pli I^A AjIJuj .Aj^i^pVi Cljlij^p^lVi A^^>^. i^£- EjaJl 

A_iL-a^-o A_AjlxJi Aji^pi ^^Ac. S^^^Ali AW am Si (J^xj .4_AjlxJi Aji ^2i dai j A_dlxJi MOS 

ilfcj] -l^.ij c — ^ Lode. Aii .1^. Ji i^. p jjx Ks~i Aji^Ji j . lg_La L_J^pllj Si i3 

. 56-55 i^^£ i jjxj SU£II A_iL-aj^ ^pUJ 


SET Logi J jilAI £)jjj£]yi jjiujjjt jj <jAia 2.2.4.11 

• SET Clji^jij ^Ac. Aj'i^Si Aj'qlVixAl ^l^L-dAi 3 -0 ^i^pai ^3i ^li ^^3 L$ y^ 
CIjIj^Iiuiaj dallipi JIqj C* 1 j*\ CMOS ^jJ^^idjAi \\ i.1^, A_jLuLq ^xi-aL-a-Ai aAA ^paxJj 

J^)il a ^ ^nSVia x> (3^^ 3^ <c> AjqJ^USi ^LoL-aliSi ^pa*J AjLAuj A_p]^3 

cJAaj cAAl^Ji oAa ^ .Superconducting single flux quantum logic 10 4_iL-ajAli 3 ^ 

^Ic. ^^^.i A j'qJo'ix) ^jui\ >Wi (j jW’i j .AjJ jiji J ji ClatiJi 

. ~^ClA W j.'uSi (Jill A_ijj3^i jP-A ~\ (J-axj 
3° ^jj£lLj ^(_>*j j A j^iS i ^i£lc. A_jLiljjj (Inverter) 

2.6 (_>^lx]i iA& ^3 A_iiS^i]i ^a_j .Ij^x-uj ^j3ajj^)-G 393^] (S y 

* 

J^-dd .140 mK J] « jl j^- 1 ^ jjSI ^iyj 25 mK 4ic. 

* * 

'CLI ^ i 1 ^.’'J ^^aljc-j 4 SET II dll j! J ^3 4_ijaiLail pljj did] IT-^ 

JLudoiUj .^^fjSlxil ^ 4iji]a dljdj Jld^lj NOR jlj^JI (_jij j NAND C5^ 

.AjSLjj RAM o^jSI 5 4_iid ^Id jjj^iSlc. 


AiuiLutaJI ys- Aj jj£$a (_Luul£ 3.4.11 

Ultrasensitive microwave detector 

3c-Loia]I ^siill j^utJI Jjc.LLo ■ .- Wi 1 4 il , Aijli S j 7 . II oj& Lode. 

Aljlill 0 jj J)^2I ^3 4jd]l (Jjaidi] 4 adjj WljjjS I dad] SET il ^5 dljjj_jj]lj 

. 12.1 1 (JSdll ^3 (2^21 ijs J iI-Q 0 (_g ladJI ^ 2j_jjlj ojji Jg.li"' t4 ;] . ^i ^all 
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djlc-lxjoiV^ (j-a A_Lia cIjLia^ 4 _^_jJalj £)j$^ Sjj^M ^W\\ ^j£-ajj 

(j^SkJ IH . 1 j'qq'l *Laj]V^a\ 1 ^)^J*J ClAjjJj£jl b^xl ^LAJUJj (J.O'IAA (jjJ^3 (J£ q)£ AJJj5Lia]| 

(JIaia (Jac. AjV A_ijajLu^Jl ^ix. sjoiI^ 4jU*o ^ a!1 i jjli SET II 

• jLu aJU. jjat jIjj aJU. <ja <j jj j3 A_Iajj 



.<JJJ ijilL A_l3 ^AJJ JaXJ AaI^Ja]! Jjjli J >1 a £)JJj£j] jjlyijSl JJ 12.11 j£-uJI 

jj^ cjUjjaSWl (>« jjjxii ^aaiii jjj*ji Aj^jiiii jUdsi <a 3 jj 4 0 o = 0 o-« ^jiiL 

. (j jj i jfl j^LaLjI 


Magneto-electronics 4 uajki»,.a\l 4.4.11 

Spin transport JlSijVl 4 _JjAj ^UoIa V' <>s cSIUa jlS 

4Lffll CjI jluJI J 61 “ 62 AjA)^JI a^jUtiJ l JLftl SET -II J CjUjJSWI 
(_£.!} .1^. a ^ja ^j!jjjj£]VI l$-i3 <jj£jj A^.jJja A_L-aj IjA t—fljjujj .SjJ^VI 

^3 Ajiiill A_L^ajll (JLaxIIujI ^j£-oj . (J-ilc* j-l*-A <ja ojjj^JI <jj£jjj 

(. flLiiaj«aVlj ^AjjIjIia ^jjJjjJ^VI A-lnixA ^ ikjjJVut a \\ <. flLilaj-aVI 

c flLilaj^aVl 4 Sj-aJJj . ^A-uj^IxIIa j jj£W I A )Vi» a (Ja^IxIIaII (j.M.wll ^ a aj3-i tar a!1 

A_1aAVI-J Aj^C- (JLaA! (j^AJ lj Ual o jj^SII ClL^L-a jll ^3 ^.xaSxll 
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Aj^jlill 4_L-a^ll dibojlVa^ L<u3j d^^l^-ll L5^ ^aJjdll ^1^ CS"^^ _jldll 

^jC. ^-^.Li]l ^aJjdll ^£1^)J (jl ‘-—iLui^Jlj (jda c4jd.l^Jl 4 jxujlVaa a\\ C-jUnSVl Clall j ^ulLoll 
dill 4_l.ll.liJl 4 JxxljJVl* a\\ 4Jj£jolJ1 ^3 L_Lg^]j£ 4j1c. y~ix x>lj cil^jllJuJl ^lUlll ^)^l*Jl 
j^jjj£ l_lg ^ 4j1c. 4_lLaiA ^^3 4,jxx)j]Via a\\ (Jjiill 4 _xjjULc ^jxnWij . ^.xxiS* 11 L_fltilaj-aV! 

dil J)jg Vi ^ u*-il SET 11 La 11 a j ^qq'Jl ^j^i*Jl ^ ^ * J j-} 

(_^j|^)ll dll ktiyA 0jlj ^lll ^ xam 3->‘~\» Xk\\ (Jji-uiill 4-C.l U^l SAidi fi.la.li. 4_lAJjd dlld JJJ^]J 

. 4jjjulajA-<Jl fi^)£ll]l ^jj-aLic-j £_£^)UJ1 


Summary 


W>LU 5.11 


cJ^idJl dil _j jiluj^jl ^ 4W /till (JUadl diLJl (Jj-aall 11 a Idlsli 

a_iL-£3 j-g 11 <jl lij «4 j1^ j-<J 1 Aijlill j 4_dl*Jl dil j jluj^jl jjll ^ ^LgIaVI £-q 

^lli. diljj_jj£JVl .il*J ll^, 4 _a 1_A (JjC-li-c ^1 fi^jJ^iJl ^^3 lljlill 

cJ^^ 0 d^J^^liJl L5^ L^l dlljj_jjfl]l O -0 ^IIjA (jl£ 

(jij 4_x^ald eld*. fi^)Jxj-a]l jlaJ^l dill dll J)jg y\W Lg1_A 1^)jJ 1/^*1 -^iLol! 
^)Al^Ia (jl ^Jj Ijldj .4iU£j| 4_Jlc. 4 Lg1S*i < q dll^jlj J^iAij (_p3^)XJ ^)dlud-Q dll J)jg Vi 11 
Uj^ diLi._j.i dc. ^ U'n d±i»Jl dilc.^<^i-A ^)o» ^ l_g_m^jd ^^lill fi.^q*ixJl diljj^j^lVl 

4^LiJl j& 4ql“ , i*sxJl dal q.nJ-V ill ^3 SET 11 (JLgajjuJ ^xxm^)]! *. . n»ll ^jls c4daiidc 

^111 (jjSjlxxill ^jIHI SET 11 jjg (j^l .^jJaidLa a^)l_^)^. dc. <Lxjoij ^J1 

_ e. 68** 

^_lc. A-gjH 11 A j'q)^dll dal^jl^il ^id^l (_^a! ^)*jjaiV 1 j ^ Ai^jiJl 6^)1^)^. dc. d-G*J 


^1 


70,69i . 


Idajl Ai^)*Jl dc. (J-g*j ^^Ilil Aj^jLill l^I^LujIj l_ujIj1 

jjuj Ail t __ s -lc> 1 » jx>~n (Jd ^jat >.s-i\ daLuilLo dall dal^jlj u^-il ^^jLlll ^_id^alill ^^3 ^-qJjoiaII 

(jli 111 .AijxJl a^)l_^)^. dal_^.^j^ dc. (J-g*j SET dal^)lj J jx^ll (j£-G-all ^)-g 
jjuj ^ jI^qx 11 A_iC. Id-sall daLlnldll ^^3 J^Va^ll ^jJjuj^jI jfi (JLgx!1uj1 

.Ijic. 1 j (j.j"^ 


Questions JjL^ 

^1 ^^ildl jjJ&lVl ^jjdu^jl^j] 1 -g^IsiIaII AiUa (Jj^l lIa-^ 11 Ldd . 1 

jlriil SET ii Jljl Ailiall A ^a^laxal 4jt_i*^> ^ j~^ 'i ' •’.' - ^ial ILall ^ *NM 

r<^\ yu Jt ^ 
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SET 11 Qo ^ -lie. I-V ^.pljsll - ^Liill cialjW^ <jl lilj ^£1 .2 

(J jLajj AjlAjS AjJC- £A L_1 a^1j£ AjilC. .1 ^.jJ Lo^ic.^ Qo = 0 0^)JJ-a^A 

^C. 4_nlj3 — jlij j\ jgJ-Vi Ia^C-J 2() = £ / 2 J 

.(^LSi^yi 

• Ci^ C 2 J-o pallia JJC. SET ^ go — 1 Aj«laJI (a^l ^ La — 1 

?4_iL-a ^ aII iijjli SET 1 s.^-All ^ l_j 

1 4_L-a jll ^C. n dt 1 J] n ilia. 2>* (JLfcjVI ^ A/ 7 iflUall jJu L-Lua^.1 .3 

ilL^JI ^jl j-v "Aft U^- 

ZSJG'Lulo .A_iL-*a^-all iajli ^ja 1 j'qVi cJ^*- 0 (jj^jJ^j (J^ x - Q ‘-—Lud^.l .4 

•Di (s) = 8 (S - A) — J 6 JjjaJl cs^ 

H = 0 ^jc. T A^eff 1 Ijlat" Ajj^aII L_jj^ill ^jC- ^natlill ^£aj AjI .5 


, 3 k B T Jk B r 


.Ajjlxil 2JL^JI SililS p„(0) 

LiL j jiial) jjjc- J 4 *»# (i) 

Appendix A-Single electron Tunneling Rate 

iA^lill 1 IajS ^aII (jl (_j-a^jdiil 4 1 . 1 1 (JS a a 11 ^1] ^ ^^^IL 

ilU. 2) -0 (JL&jVl iJ-Ixa ^ lax J tA_liAlll ^a^jjS dJlC-lil ll^jj • 1.1a. 4_lixjJa ^<jq ill ^)^lx_ll ^jc. 

j g AjI^aII Cj^LaJl 2 >a ic. ^lj k aAIjUjI 


r k = ^-Y / \T k J 2 b(e k +eV-E q ) 


(25.11) 


Axuiillj ^jliLailLa (jj^jjfLiVl t*W LaA fqj £k J 4(jj^j£lVl 1 g 7.“l^ LaA CJj k 

.2 J l opjjasiyi ^ 
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• S ? = £*. + eV Lg\ A.jLaC. ^gk liqVn AiiUall (jl 5 ^ JJ.2 

CjVL^JI 4ilj£ (jc. s ? AiUail q dlVl^JI ^gic- ^ ^ 7 - 'I (Jjj^j LliS-aJj 

: c> (J* ~i°i 4 Sa-+ eV -lie. D 2 (£*+ eV) /2 — ? S11 i*-a]I 2 ^ 

r^Vi 2 ^ 8 *^ (26.ii) 

fi 2 

(J^Lajl (J-oic. j-<uJajj 2 jl JaaV 

« f > 

(JjdilJ C. ^lill dj^l-^-ll 1 j^*Jl j£-aJ 4_jl jC. 2 (_gic. 4 -Ajo^II ^}d*j J *2 (_£jl-uJj 

jl LiJajl LijJa^isl ^3^ . ^aJ j.ii]l ^j<A» \ 4-lj\j£-al j)-o c^lljA (_^1 cJailS ^L-a^/l ^aJj.ii]l 

jc. IHj <>q j k 4-a.^-all ^c-L*-uj j c. (Jajjui-o |7^| ^.qqill ^11 jl.Vq^ll 

•s , j£t o^'-W 

— ^-<a jjS £jllL *U ^xjuiaII jj j^Vl 4_lla. JLua.1 ^Jaxj 4 j^)l^)a21 jjl jj]l A jc-j 

/(e) = [1 + e Pe ] _1 (27.11) 

(jl ^qq ill ^^ixll j)£-ajj . 1 —f (s) SjC-LuJI <IlaJl JLua.1 j jLujJj *(3 = 1/kftT 2_na 

(Jj-aaJ j3j .6 jC.Luj AjjL^_1]1 <lla21 Clljl^j ^^xjola AjjIJjjVI aJI^-11 Clul£ Ijl Wqq (Jj-aa-J 

(_j-alaJl Z>i(£k) (J-aljtll (^] 4£^ ^^xjolaII A^\S±^\ CllV^-^l J*a> ^gAc. 

1 2 Jjjj^SVl ^gA] 1 j-o ^qq ill _j^*Al tj-ix-a 4 1 ^jjA^lVl c — ^ >V1-^ 4ilA£j 

2tT 9 D2(£|t + ^V) 

r '- 2 = E T |r| — ^ [1 " /(£ * + eV)] f 28 - 11 ) 

k 

I^^Ac. (Jj-aaJ 6£^ (^Ic. A_aj1j!ijV 1 CllV^Al ^gAc. ^,^^'1 jc. <jJaly‘u2)/ljj 

TT Z* 00 

r x ^ 2 = -in 2 / D l (£)mD 2 (£ k + eV)[\-f(t + eV)]d£ (29.11) 

n J- oo 

44jjI*A! L-jLLaVl (_gi L5 -oj ; ia dillUa cl^ 0 >^»1 jl_iaJV 1 dllSUa jl 1 jlaj j 

^Ijja. . jf) 2 (£)— D 2 _J D\(&) = D\ (_^1 cA3\Jall jc. A liUma dj^l-^l A3li^ jl (_j-al jlfil 1 Vi^x>) 

I^-cLaVl ^qqill ^)^*J1 (J^x-o cs Ac. Jj-aa_j 
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(30.11) 


IT 


/ oo 
*00 


Ti -2 = -\T\ 2 D l D 2 I /(e) [1 - f(e + eV)]de 
n 


: L5 -ojj 3 <_gJlj.il (Mathematical Identities) AjjJaUjil CjILIL-oII JLmjjJj 


/(£)[1 - /(£ + eV)] = 


/(E)-/(E + «V) 

1 - e~V eV 


(31.11) 


I j 30.1 1 qC. tlill \ 


iw 2 = 


eV 

e 2 R T {\-e~^ v ) 


(32.11) 


IAjjIxJI aJL^JI j <LqjULq Rj- C 


Rt 


h 

tt| T\ 2 e 2 D y D 2 


(33.11) 


a jlaiaJl AiUa ^jlSluul (i_j) jLaiaJI 

Appendix B-Derivation of the system free energy 

L-jUaaV^ j)x>~N <a \ g Ajj^'Wll AjKll A_x_uill ^jLujj 

: w^iai 

C^ = Ci + C 2 + C 3 (34. 11) 

^9 AjKll AW /till Cy* ^ A_aa£jjola AW tall jl ^21 

A-xw)]Vix21 AiiLLa L-j\ (o^-ollua-c ^jJC.) A_xJajjj-Q 

a w * xi 11 111 o^qjjoi -0 a_Wjoi AiLjaj LijLai^. ^I^oLjAj AjI^I! Ajill^a 

& 

Aj| jJI (JLa*Hui 1 Ajqj^ ^jLn] Aqj'q^ll oIa s jjuj .o^aIuia AJlxill 

. AiUa ja.U. a 

^2 J H| i 9^)XJ t A^qjJoW ^^9 S^)^2I A^Uall L_jl_ud^J 

j^xll j (2 j 1 ^ac. LiaLoI Li^ij diUjjj^WI La^jL 


.AjI jJI j jnL/ijll CliL*_ui Lg-iV o^lc- ALa^-a A_iil^]l A-x-^ill ^ ^ 
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0 La3_jC. lijj (J -0 (jiajlill ^^xll AjIj n = Tl\— 72 2 ^ 1 

CjIxjaJI J Cllill jiU ^jl un^ll ^^9 -Ixj 1 'ilx.^i^>. 4 ^j£Lai^^£il ^J^a£ I^jIj 

:<J* (C 3 = C g , V 3 = V g £*) 3.1 1 JS^I ^ Ai'jxJ! 

3 

j^C/(Vi -<|>) = nc (35.11) 

«=i 


i& u ^ Ti^aj l* 113 ^j-o j 


4> = 


ULl C i V i - ne 

C-z 


(36.11) 


AJjUall ^-La*j j . Vg J V 2 J V) ^)1 _^)C. ^ic. £^.^)a]I (_y^ Ajjuiillj ({) C 

1^1 .Aj^ylfill CIiI^^aII (J djl^Ua ^<0^ \ *Lqj)3Via\1 U 


U = \T. c ‘ m - ‘W 2 


(37.11) 


^xj \ <37.1 1 aJ^IxaSI ^9 (j) (jc. \ u/ijCj 36.11 aJ^IxaII LiIaxIujI I3jj 


* ^ ^ ^ic, Aj^i^. CjLiIaC. Ax*JaJ 


-^ + ^EE^<w,> 

(-ne ) 2 


2 C E 


+ A 


( 38 . 11 ) 


Aa jJV^ll AiUa Clll^ixiJ Ja £3 (jj)A ig a Lijl ,Yl ^jC- (Jq uha dulj A Cll 

. A_a_i 3 -l 3 \ TV Aaj 9 Ai^)XA Aj*.U. V 4 A jqq'i A,\j>^i \1 C 1 jI 3 S^^ll 

AiUa (jxajJaJ 1,‘nlc- t\ g ia jl ^Jl Ljaij iS U^J 

(_£jLaii3 . jUa^VI Cl: iLii]^3 (_ja (JjAiaII (Ji-udll ^Jl AiLjaj 4 3 7. 11 aJ^IxaII i^a U (J^k x'lill 
^C. 1 j'qVl LqAaC. Aill jill ^pL-nA (J ^3 ^ja (Jj.^IaII (Jxxull 

ij Alx-a^ll 
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(39.11) 


Q 


Wj=eJ_ ] ~(V, - Vj) 


(JULulj t V 2 — + V /2 j — — V /2 6 jUait j3 <11^. ^ j 


W, = — [(C 2 + C g /2)V + C g V g ] 

C-S 


(40.11) 




w 2 = -—[(Cl + C g /2)V - C g V g ] 


(41.11) 


4_1a£j g^l (Jiuoill \ a \\ AiUa L_jLui^, .Vnj^j 

AiUall (jjQ AjjLLall 


Fsys(ni,n 2 ) = U - n^W\ + n 2 W 2 


(42.11) 


: Je. c42 . 1 1 aIjIslaII 41.1 1_5 40.1 1 (jjj]jl*-all (j^i (jjaj jxllllj j 

\2 


■Psys(«l,»2) = A + 


(-ner _ e<2o 

2Cj Cj 


- «i^-(C 2 + C g /2)V - b 2 ^-(Ci + C g /2)V 

t-E l-E 


(43.11) 


4‘a j 5jjlLa J j^uul: j;lxjj go = Cg V g ^ aJjilall 4jl _j2l A la. *1 liLkji lLu 


.12c. 4jlj rn = H] + ll 2 ■ — «11 llxll Liijc. lilj .Ajaij Clsllal ^jc. ^a. "' He A » lalLaH 

AaJI (JLaSI 2*jj ‘ (jilL (J£ ^jjc. Liaij difiijl ^ K\l cij j jjfLTi I 

* (/n J ft (jc- Clulj Ailj^a)) Ljlaj t43 . 1 1 4 JiLx_a]I 


F sys (n, m) 


(<2o -«g) 2 
2C S 


C 2 -Ci1 

m 4- n 

Cx 


eV 

~2 


(44.11) 


. '.I )-iq‘u.iVI A W - : .'; o 1 \a \ jar j iJ-i j-s. Z\a\\ 4jjI L_ljl jj . '. /ur- ^ 

I^A (jfLaJj • £^i£La LS^" ^^3^ (3 4 *g 3^" Utl,a 
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SjaJl AiUal! Jji (^) Jaldl 
Appendix C-Even-Odd Free Energy Difference 


^ ,1 ' ■ ^Vl ailxoljjJ; (JLaxlLallj Fq ^ a e Jljl A^LLdl 

grand canonical partition Z jj£V' *jIj .jjljj]! ^JLi. ^ 

: 3 AijUll ojj jsJI ts it aiaia. ij&y function 


z = f]d + e ~ Hk ^ 


(45.11) 


QjfL Lg^C-j AiiLLa Ajjoilllj k <11^11 ^3 nyW Ajjuj SjIjI AiUa ^A ^ d_J 

l q jfL c I ^ x At J 3-1 ‘l ae a\\ (JI.-naH 


(46.11) 


& = Jet + A 2 


AiUa Ajjoilllj Aj^IxJI ^3 . 1^1 ^11 AiUa 8 ^ dj 

j| 3.1x11 AiLUaA 3j3^. ^gj__jjUill Aj^^lill £j\j <,Jj^a3 

4 _idi djljliiV 


*-(‘4s2 


g-PItg-P?/ 


A l^k 
-P€* 


+ (zi e M ‘ + 7 fS 2 Z H e ^ e ^‘ e P " m ---) ( 47 . 11 ) 

\ k k l^k m^k,l / 

= 2 eV en “t“ Z 0 dd 

% z- 

(jV tJaSa Zeven j ^odd o ^^Ic- djUjjJ^WI A3C. lilj 

JlifcjVI is y* ^Ail! ^axj V j .dj3 jll ^uaj ^ U j£il <jl ^j£aj ^u^ll <jdJ Jais 
C5 _^j 3^ AiiUall (_3^ c_fl^)XJ 111 ^Jj (jj3 1 ^aJjai^Jl AjjoI ^liill 

IAjAaII e_J A^Uall L^A^)ill 


F 0 = k B Tin(^) 

\ ^odd / 


(48.11) 
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4-uaikLJt Sjlj^Jt AlC' F 0 (D -Jt l-uj^j 


. Ij^)I^}^. S^llLo CIjI^h*)^ Aj-uj (jl ^pLill <.A ‘i^H CliL^.^p .lie. 

’ LS^l 'SPj - ® ^even J ^odd C5^ LS^J^ lj.laJI 1 3* ^ 1 ^ 


Fo « — /r^F In 


X/ Mt 

k 


(49.11) 


C5^ P,(^) (\. Ujil >^ CjV^ (JLa*I 1 uj 1 j L-JJ^J ^niaiL 

I ^Ic. t ^aJ j J!ill ^xuJajj 


Fq « —k B T In 


/»oo 

2V/ / p,(|)e- M ^ 

Jo 


(50.11) 


L-jl xjI'sV ^Jc. 2 cJ-oljtilj C 4 _iLx-£3^a]I Aijlill jA V 7 / Cll 

iF 0 (T= 0, H) = n G (//) J (>a j .|&| > kp j |&| < kp c j^j ci A^u^' l 4_ui 

c ^qx^ill lie. Sjia A^Ua lie. (jjfLi ^ Sjjuj 4_Xuj £ja Lq 

(_j-a (j^fLa . ^ 5 -ujjJaix-<i]l JU^ll ^_j-aaLilxj £j\j LS^ J (H) 4 o J> q tl lie. 

:Mjh$ jajll Jc. 50.11 *lal*JI 2ut& sale) ^id! 


-k B T In 


poo 

e-^°2V, / 


= £2(j — /cb T In (N e ff) 


(51.11) 


pOO 

N tf{ = 2V, / p s (£)e- p( *" fic) ^ 

Jn G 


(52.11) 


Q c/ks \n(N e ff) 4^. j.s -lie. jL-nll (j^ l-sjjIs ^o g ^'l) U-^°J 

• 2e— e Aiaiill 


4 _uilj^ ^AlUaAAJ . p v j Of; JX. . j-.o'.J ^ JLxaII ^Ac. A^ e ff J F(i ■ .Ao l Ja^-V ^ 

• 26 £^.^ttll £9>.lj »«)3Vi» a\\ JLawall ^gic. 4jli]| t_JjC.la.tt lLoiC.1 
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Fq (7} \ 

^jIILg ^jm-s Ajjoi j ^ u^nj 1 1 g ‘ia ^^^lc.1 jl T (3-° T ^-a«^4C. 

Ale. A3 Aj AaUall (3^ c_j\, xa)^ A_ixjj clIHa! A ~njYi . Lg£-g (^ 

^3 47.11 A^aLx-gII ^3 A-illjtll AjA^. A^l 1,‘nlc. IaA ^j-Q A^.^)A 

AAjIAII 6 J)>^ (3-3^ S^aIuIaSI AJjoi 0^)lilA]l ^ ,Wn tL_jLai^JI (Jjg mM J . (jl Uj,I^H 

* 

^ jA^k a AjIj£ ^j£-gj .Vnj^ J »A^ e ff £-g 0(7 AaLLall Ale. A^.1 j (_£ jJjolaj Aj\x^i ^g]| 

i^gJUll 45.11 aJaIx-gII ^ ^ 3 ^ ajJ>^1I 


Z = (l+e~^ ic ) 


—$Q C \N eff 


(53.11) 


Ale. cIjLaj-u^. <- qj» ^kaj (^Lgj aIU. J 

. dj\j \ (j-G (_£A^)3 jl AAc. ^ic. Lg| <jl (J^-gJ **" \)^ } ^V = 0 

> { 

c- j-"7~ ■» “LAj£ ' ii£ a i.w’i jjl lgj3 AjJjfill jl <ji ‘'j (jS-oJ ^*; . .-1 

^^j]i ^j-ic. ^ : *. j v4i 


Zeven — 


[(i + g-p^o)^ + (i - g-f^y^r] 


(54.11) 


^odd — 


[(1 + e -POo)^«* - (1 - e -P^<J)W=«f] 


(55.11) 


^dJtLalj (jl AjLoII QA ;Ajailll fl4& .liC-J 


0 + 1 )‘ 


(56.11) 


LaAic-j 4 4j£il*JI isAA J . |a| « b j b » 1 (jj-bi ' ^AV- ^ja. ■ ^ i_lijij _yk j 

•.^Jc. Neff »1 J e^ G «1 jj^J 


_|_ g-P^G^eff ^ g N' fi e -$&G 


(57.11) 


(1 _ g-P^C^eff ^ g-^rffg-P^G 


(58.11) 
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Zeven « cosh (N cff e pQ °) = cosh ((N qp )) 


:<jU£ ' iiS lilljijj 

(59.11) 

J 

Z odd « sinh(^eff^- pfio ) = sinh ((JVqp)) (60.11) 

‘48.11 SJjUaII (ji Z ev en J Z odd 

F 0 (T) « ^rinlcothliVeffe- 13 ^)] = k B T In [coth^)] (61.11) 

(A^qp) (Jjaj . Aj^jILq ^I^aJjojLj 4_aj3 
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^judC 


32AI VL ^ ja <■ L^j AjjjU Jj 

Semiconductor Nanostructures for 
Quantum Computation 

.IjjT AjjXa i I jj! AxdL^ t 4_jl_Li]| j$jAj ft Jail! ^i£> j fUjoill 


1.12 


Nanostructures for quantum computation 

_J&\ Ja<a ^ JXCN ^3 dj^)jaLljl j ^jjalill (j-a A_illc. A-^^p *>. nxxll^^Jl d \x h 

.\vwli Ajjoi^^JI 1-4 ^ Ja 4 • JJ- 2 A_ijLuijVi ^JajoijVl 

1 ,Vg Ai dll^jxa Ac.\jx*a .Via 11 .A-ill^JI ^Jc. Aj£-aJ 

(Algorithms) d_A_La^j^)l^k ^)jjaj \ g ix> co a j)]a^ AjJa^pi-a "A_i-aj-a£ L-llxul 

A - ijlj^jjS t A - Laj )^!! g - Ua^VI ^. j ^ x-Vll dj !$. l^aJ £-da jj cAxa ^ a ^ 

jddj . J*i (Quantum computer) J cj^ 

AjjaiLi-a Aj^pLill dj^Lx-a^a]l t SlLx-ajl ^±1 ^3 ^ajl x^o-k 

(JjLuiaII AjLujJ (_£«il Jj ^aJj.d (_j-aji_x-aV ^3 ^ Villi . Axaj^ll L. Ijxxii^aJi ^3 (JLaViuu^U 1.1a. 
u-Vill AjJj Jj Ajl^aall Aj^liJI Qja cA-i-aj-a^ll AjJaj J Aj^J^-all 

. lg_La-da JlxJj lg_i3 £-xda^aJJ U ^Jjdil] (J-4J 


^ * Michael E. Flatte, Department of Physics and Astronomy and Optical Science 
and Technology Center, The University of Iowa, Lowa City, IA. 
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L_11ujI lg-i3 (_jia^)X J (JjAa^ll I ^A (J^Jjolj L_fl JJUJ 

Adlj^iill (JIjIALlIaJI Jl (J£ijj ^aJ . lg_jljj] A-oj^UI OJJJ^ll J jg *>'1 (JJxM tillj j L A_1a ^A^ll 
AjJxj^ . dal JIViaII a^A ^3 ^jLill ^slc» (Jl_j 4 Ajaj)a^1I Ajja^^JI dlLajlViAl 

4 \ 1 1' j^-v \ 1 i ^1 \(~- ^ \Q-n.M 4 a .a 1 1 4 j*l ^jq\ I ^ j| Lil l l a^i j ^ aJ^ JlII I t ^J| i** ioM*< 

dlLjjjj£"jl A_1 A^a£ dLij (J^JA (Jc* (j^Aj ^jll djL<i^i*A]l L*il^ jjAjJdjJ . A_ia JA^ll 

. Ajaja^II dU jJI (JIa*jjuj1j Ajaja^II dLa ^I aa!! oaa aJLxa Jj Aildaj 6 "qbits 
^Jc. (jLaJj 1 j Uxi'i (JjIaI^ (_jj^.l^)j3l ^Jc. (JjAa^ll I^A (_jA (jl^dVI (jl» IV^aII ^ j'Wj j 
JuaVI JjVI J£jj AjjjU cijUjiiiA J dujAll ^jjd (Confinement) 

dll J J L^J^ll ^aJjdll J] Jj Jallj ‘‘SH* JalljSI J (jjjJ^lL/l ^aJjd J 

Ia Aja ja^II Ajjaj)*s\ 1 AjjLdll dLajjJadll (jl J. . (^^LiLaII ^3 A Vaj^aII ^jJjaJII 
jli t (jil^. jjLaII (jiimll Lil£ (jc. I c <a\"rd (jl (Jajj t^l J (jiajl (jc* S«li*j dill j 
. Lil£ ^a^a£ ^^JjjaL^. (jl_nj (_ja Ajl3jJ (JaJ La ^.idajJ ^gic- ^C-LujJ C_Sjja 1 Ag 


djAiJl A^mjaJI tJdjJji 2.12 
Quantum computation algorithms 

djljj IaIaj AijxA (JjLaa Aaj jli ;Aj1L^JI l-liujI^^JI Ajliil (JjI^JI ^Ld!! 

AjA»*n S^jjaLia (jLdi Ig *)a .Ipxllj . LiIaC. l^llla-ujl^j (J^JI A \x x^i jl A IjVuha (_£^)j£ AjaAI 

(H ‘<^3^1 ^jaVI (_j^al^)C.V jl .aJIaII dj^/ ^IaaII AjIa^. dV^-d^/l dLo^ixA 

cJjLaaII ciilll ^)A j . Ajxj^s AxiJaLl^) (JjLaa t __ 5 -lc- j^J A Ja»*i 1I dLlA^^jl ^_ja &W 

^gjj 6^)jj£j| jl^C-VI (Jjldj IaA iAijJXAll dl_lA^j^)l ^dllj (jVI 1 Ag 1^\ ^1 (jLilluiA 

(Jjldill dl_iA^^)l^k L_jLui^ S Aa ^bjj ,4d^A ^)4C. A^jV j>^’ic. ^L^jj J AjI j! (JaI ^c. 

. a \j\Vi ^^3 l_j^c.^)a 1I j^xll (Digits) ^ls^)l ^a Id! U1U. Aijj*All A_il jl (JaI^c. ^11 

. 1 'L* in j a_^_jLL 1I ^jj^aLic. c. ^a^3 ilLa'n^ <£i^)a ^)4C. 4_^»jV ^3 jL^jj IaI 

(JaI^c. jI^c.1 (JjlVi AjA_j^jl^k (_^^ll Shor cJLo ^1 

li jLu Jji 1944 ale- ^ (Polynomial time) ^ jjoS (jaj QxuJa aJj! 


dj!)Ul t 64a 1I (jl Jj^j tdulj Cl (jlj 4/1 (^jlujj 4\jlVl L_JjC.^)a1I J4jl 1I ^alijl ^4c. (jl (jialjjaL ^ ^ 
.(^.jjaII) t ~ Tl* djd lj] 4jJj4aa JJJ^j it ~ tl” djl£ Ijl AaoiI (jj^J Jjldll 
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• 1997 ^Ic* A-^^yldll i Grover Axa^jl^k-1 <_j£-A j » Axaj^ll Aujj^iAl a_iaaI 


wll lulajoa^j <_£ jLu 




lUxll 


L>* 




kAj A_U^O ^iC- A_djV I JX-rVlC- 


^aAx A_i^luA«a S^jxa ^kAI <julA l£ (J*duj .^A^ll Iaj^lS ^^^.xu^jjII 

.(Quantum principle of superposition) ^><£11 <-&\ jAll lau» ^ ^InKu' l 

% 

d iI_ia^)^)I Ai ^ax ^aX.^}jj t L)..‘L x O^ ^dll (_jjjl^J A q\“i*s < Q (Jl^jJul dxj LuS di^^Aslj 

t fll d’^L ^AAslla ^jj^n^ll (Jl^j La tAxa^-axll (j-du daj^, 

^jl Aj jlxll l. \ u Ail ^^Al ^gajl Axaj^ll Uml ^^-11 ^ajl >^i~\ Aj^)LLal ^j£-aJ 

.» 

IA1 . lA^l-Vm ^jII Axa^a^ll luuA^^AI A^.ljj ^Illl dAj.wMI ^paxj ^idajJ 

<— altu .AjjIxAI j Axa^a^ll n*A j^AI ^ju LuS dli!>llkV I j C ilg. A. /Ini' 1 ^^Aj LuS 

dlull ^ja Ax. j.a'N.aj g ^ a^a <La^i*_A adlj All ^ja ^)A^^AI C‘ n*\ ^ja (_£jlxAI lujjujL^AI 
CIjIHj ^ j 3 CT^ oAWxt A^J^laJ I^JIxjj t"l" jl "0" (jiuuall C5^j W^ -0 (J^ LkL 
aA*x}\ AjjIxII *» ^ ij x xi\ ^^Al £.) A y -^dixj A-xiLa .A_La^)^l^dll cs^ a_^AI*_a 1I axljii Lai 

id^L-a^a dL-dl (ja Ax. ju^ix> IgjLj^-a (jl *." n*s £ja t^ajx^ll cAul^jxAl ^^Ax 
^Ax ^ jA-> n LuSJ ^ u .a liA .idlia "^ajx^ll l_jjjujL^JI" e^jlx. Lai . ^ J^k >/-> cr^ ci^*^ 

jtnb ^^A j t Axajx^ll dulls . ^aj^^AI tilul ^j/AI dLa^Lxal AJaA^jxall A^ALt-all AuLlij 
^jIi^jiaa ^julL^A ^ Atn 11 ^^A 4 ^a lujjujL^JI Axqj^II daLa^lx-all 

lljl£ |jj A& "jdiujaj julU Jj^jj .|1> j |0> — j u'J-° (Eigenstates) 
(j! dujAll ^A] ^jldll ^ Ar-kll A^^IadAI L_l^l_jJ ^)-q1iujI n'q )S J 

lal 2 + Ipl 2 Llu^. ;([) = a I0> + p ll> A^j-all aAUI ^jlialjj ^jiAL^Al l_i£I jj 

4-Ac. (_£ j'W‘i ^1 tilij I l 3J^ djLo ^l*-0 ^^gAx dujJ^ll jidj tlauAl uu Cy*J • = 1 

a^AI*_xAI LA .Ixua^. 4_AI ( dd a ^jjLall dLjj.w.Q ^jl V] tAjaLtAI dull 

."a_lq jaSA I Ajjoj j^AI" Jlda Aux-q Au^jjl jdl liaj dlujAll oJi^A (Coherent) aIu! jdJI 


cXljjJt 3.12 

Superposition and quantum parallelism 

iJjLauJI Ja. otLjii Ji (Superposition) \a±*\ ^il 

(jVi -a I0> + P ll> 1—lSljjil 2JLi. ^ CCp cAj^ij^S tij ,jl 

> f 

dull oAa ^gAc. aAI all ^uiaJ A_auu Lal .Axa dull ^A ([) uu. ^-F((()) 4 -^-lj ^f*-LA 

cJ ^5 ^ Aua^a^II 
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a exp[mF(0)] |0> + (3 exp[mF(l)] |1> 

oiA A-gH ^Jc. Augj.gIII dull oiA ^Jc. S^g (jJaHI Allill (_£ jp*vj 

(JlJ (Jc> J-Hdil JiA Lull jll l-lua ^j-ujjj (jluJj . (jj nl^G^ll (Jd.lll lull dc. A11H! 

.a = p = l/2 (1/2) £-<* Hi! jjIaH! ^ ^il! (ju l_1! J aJL^. J Aug^^H du h (j* jjl-G 
JJ! <_£ jl Jll liA jl *2 n -l j 0 j;U Ji J* 3 -i^.lj l_ 1! Jl! liA ja! jj 

.^_J1! cillj C* u J Ajm^II jll .Az. JlLg dluLai^J ^IjIa Ixjj-ujj JjJ j! *». v>J 

dLGjxJ! ju Jj.w^q $. j^. (_$ j-uj (_Jua jl-Gj V 4 ^gj) < qH 1 (_JH1! JJail Ha J 
•*Vt J! (jjAHll ajHc. ^ Hiia dlu J*_a1! aHj Lg! . Augj.gIII dull ^a Si J^-g 1! 
villi jll 4y |0> + 8 ll> jjx* luI! J dli jaII! dull Lull J (jjjlua jluj vA_laLama 

. ^jV I (Jj £-daJ v S j«uj jjll-^-1! *Aqj)3o \a jl_9j-aJ jjill! jil^xAi^all ju ju I A^.1 j jl ^ * 1 « 1 

J dujjll! jlj J Lgj vlil vAulLd^.1 lui ^g-A (JHll aJuC. j! villi Jj L_flLdu 

Adi J jujJ Joilua <di J J jluj V Ajj_a vAjl-g ©.IaIxu-g jl 4y |0> + 5 ll> Lull jl! 
ajlc.1 luJ Ail (Jxj liAj .lull Ai j^)*-g AuljVI aJL^JI dull J JW ^Auujj! ^jJ! 

(J Lgua LU jC.^g]| dt-G^lx-all £xsi) AuujJ^J. *lu i. > ^~NJ jl V dl ^A SiC- LuIaj. 1 Jl £ I 

• A_U Jll! A ^ li z\ \ \ a ^yiAA A \ 1 -v 


?J-gH1L A1Lg*IlujI jluu'l (j-G jlj J li] (^g-UJ)ulll (_£ j! liA I^JA SdHlI Lg ^jil 

Ax 1-1 a ^ylu-G .Ajjlxll A_Jjjj jaJl ^ A_aHdi L_lXj-all ^j-G CjLg jlx-Jl (Jjldj ^-GjuU Aij 

dul£ ^jl Aj.W^l .Aj\u£ jl o^)j j-a (J<g*sj ^jl 1 *Qg i^q (j£l ^J-gj (jjg > j dli Ad^x-G Hj 
t"Aijl j" ^\ vAulu£ (J^g^j ^)dVlj V6^)jj-sa (J^G^kj lg jg ~n J ^.1 ^jl ^ *1 Jg c"A_xuLjj" Axia^ll 

(jl V] .Site- jjg •> j\\ ^LuLx-g v.. ^Vi vAjIu£ jl J^Lg^u jjg ~n J (jl ^ \x a) 

. W<ia A-gjLuj Axiaall jjl (jl d^)J du£ lil Aj.W^q (jj^ oiA (JjjIHII AuLgC. 

^ Aulu^ll A^jj S^jj-all A^j Adlx-oll (j-G Idajl dul c^Lg^Ix-gII oiA Jj Aildal^ 

% 

c- 6 ! i^l .AjIu£ ^1 J/Lg^j Adi jll AxJaall 1-^-^.j (jl^ (jj tA^uluall AxJaall 

Hill AxJaa dull (jj (jl-G-all (j-Ga 4 ^a j^qIII ^allxll ^ LgI . dL-G^Lt-GlI iilL (Jl 

(jjjHa AuLgxj ^ Jj liA . 6 ^.1 j (j^i^a AuLgxj 4 jjg ^ Jl ^11 Jj Jdll (j j j (j-G A^u^_x-a 

oiA ^^-gjoU .^)lVI Aj^J! (j-a^-3 ^x-g jjg > Jl -1^1 (j^n^k^l -lul JLg Lull J ^^A Sd^l j 

* 

SjjldJI ^^>dll du l^ua JudaUj 4DeUtch-JoSZa I J^jjl Jh AijJall 

ex = (jllj 4 Ajlulll a^.j aJU. ^a 0 j 4 o^jj > a.^i 1 I a_^. j aIL^, ^^a 1 (_^jLuu (jll lili .lijl 

t- Ja (J-gIc. JluAj a_Jjoi 1I Hill A_*_laa aIL^. ^a ^-^)dll du dull 4p = l/2 (1/2) 

: (t^-“ 


486 



(I0> - ll>) / 2 


A,x 4_1L^. 


(I0> + ll>) / 2 ( 


^jLolij 4 jLUl (I0> + ll>) / 2 ( ‘ /2) 4 >.;T'H (Overlap) Ji-lil ^jLolij 

<_ja os.li£j i_£_i£ l_3^C.^a]I d^A^lx-oll i^yi a^l, Vual (jl . A^l^ll AuIaII A “Njnll (Jdld 

^)3j^)C. (JIajCIujI (_£a 1 4-L-aL^Jl a$.li£ll j .-LuI^Ia]! 

q\ {. ' )-nj 1 A iWi ^)j£l 1 -aA (julll (j/n^jjl ^dll ^juIa (_ 5-2 4 -il*^N 4 _i1ac. <jl c^jdj 

Jl 

. J J^\ dl^A SAC- (_£^}d 

t_nUjUI Jjj'iv'i CjlAkla 4.12 

Requirements for physical realizations of quantum computers 

# % 

CljLlA^jl^k L)^ l^)U^ ^^}auI C 5 ^ <- 5 ^ i4-1aja^11 LUJjujI^^JI dl_iA^)^)l 

^-A^a£ LUjjaL^. £_ix-£3 ^j^xlaII qa Ja (j£l IjA^N 4jAj^)d tAjjlxll 

> 

5 l^-i3 (JaxJjjjJ S^iiu -a 4.1 a ^a£ L-IIujI^^ <x_dj (jVi ^11^. ^sl 

S^ju^ll 4 _iaja£11 4 nd ^Jl ^u/i"i 4'm^k Jd J) 4-^.1-^. 4 _ajj c-la£3 dldjj^ 

c<l^l_iA 4_^.^p ^)j » ksi ^-9 -\)^ A l-jjjujL^J ^LqJ^UI dldjj^ll jac. LaI .a 'i^aa 

Laa ^)J^I -iAxl 4_iljl (JaI jG" 4_lA^)^)l^d .yiVnl dujj^ 10 5 - 10 3 

A-ijoiLoiI c* il ;\W‘ia a ^ia-s Di Vincenzo jjpda jd* Ail .^jIc. L_ijd,^l ^^Iac. jA 

I ^^A C ^AjA^ll LU^ujL^JI J^Vl! 

.£joi ^A (jl_iU ^ A ijAt/il (jdoJ (_£A31 C5 -0 dull L_flJ^)dll Aj^. (JjW) (1) 

c^^-a ^UJI dldjj^ll AdljuVl diV^- 1 ^ AjAd cr^ ( 2 ) 

Jujoi ^gic. 1000000000 .... 0000 > l>° a\\^. <ja jpUdVd 


.(diU jJI <jl_^dail <djjl (J) <uulljj (Decoherence) -lajl ji ^jic. jaa ^3) 

^jAjJaU 4_1 a^a£ 4 jIaC. ^1 Aiiu ^ja (_J^aJ "AaIc.'' ^Aa^a^ dlljl^J As^ ja^ a ^4^ 

. A-lAJA^ll dlllull ^JA At. JA-N A 

.AilXA 4_1 A^a£ did (_>«ld (jl^-o] (5) 
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(X_uj^a11 jlrnllj .<jaiAaJI dl^Had]! dba.1 x^ijVI ^jJ-iar, ji Iaj3 j 

did ^ dij 4 _ia ^a^II dldll jA ljUrt 1 3.1c. jJjdl 4_iadl jdl jl Aij^)ia 

IaI . ^LaiA^I ^ jda^A dAm^yll djLiLaxjl s.l^}aJ j)A j^AJ Auajja^II dljl ^11 

^A C. 4-iAj)A^\l ^ Uaj,)! ^a»H AJjujLujI 4_1£joA (Jdj^ ^3) lU -1 aII ^3 ^^£.Aa]I Jajl jill ^a3C. 

Analog c_jjjojL^. jA ^gA ^ a£ 1I c_jjjujLaJli .<j3lxll 4 _ia3^)1I l_iijaI jaJI ^ ojj^. 3 -° 

l_j j-ujL^JI ^3 4 i^aaII tiilj jA 1 ^)jj£ ^dl jl jJ dljldl £a c _^A ^aJI 1 “ n*\ j>A 

jfn')lj3 die. "O" II j"l" H (Jj^ (_£.llx]l (_^-a 3^}]1 L_s^jaA_aJI L 5 ^J . (_£.llx]l ^_^)Ial-ii]| 

jl jiiAiall jdl^J jJdl^^l jjml jill ^ dlJ£ill jdj j . jiiilikA jiiijlj^)££ 

.dull l*11j j)A 4 ~s j.x n £_da jj^AJ Ks-i'\W 1^113 jj-aa-J Ladc-j . 1 x>g m 4de (JLoxIiujIj 

^3 1.1a. ojjku dl jVi (JIaxIujI ^£^)j^jdall j)A jl£ jlj A_i1aC. Uadll j.A'i jl 

3a. ^gjj A m a du A x>jql Al3i\ ^aII ojldVI dja. dna. ^^yllLo dVl d^la. 

. 4 n» \1 tiilj ode. jlllaJ 


^)jjIj 3 jldl ^a3c. c.^ \ ut,\) IaiaII *." n*\ j)A \g d *n jdu i A-aaj^II dldll IaI 

g.1 Ja^kVl j>A‘i IaIj . A-Iaj^H dull jdjjdll jdllaAl ^^JaaJI L_dl jlll dUajoi^A 

(_£^)a. cdl-liiixi]l o3A j)A aC.^)Jj . I^-ujLujI ^3 l.j^an 3d I AjIac. j^_ 9 liA 
dljLaia. dl£ ^Vi‘i (jl j^-aJ fil 3a*sl >Ai dLiA jjl 

jjjLo (J£J -^lj j-o (31 dull liak (JLda.1 (Jx-^. j^l l^j ^^^Jaldc-I (J^a dlj 

^jI ^a 4_i1aC. 


XOR jj^aaII JljaJI S jb jr j^j 1.12 



Aajljll dull 

JjV ! aJI 

0 

0 

0 

1 

0 

1 

1 

1 

0 

0 

1 

1 


jjj . ^-Iaj)^!! j AjjlxJI L_Liujl^aJI jA (J^l (4) L_llIalA]l^ 

^dtAJ "AaIc." 4_ iIaC. XOR jl^aJI ^aIaC. jl Ajjlxll c. ^ (_)-a jL-aa. 

1.12 l)j*^^I • (jA^ XOR ^ jI<qC. jA Aj^IxII dLiAj^jl^dll jXJAa. c-ld j^-^ ^1 

t A-iaj^\I <llaJI ^3 IaI .AjjIxII ^jjxAq^ll jl \ (Truth table) <iiiLaJ! j 
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du Yl \ i Auldjl aIL^. .LaJjJ A3 jhis-xA ^oj^ll L_J jjujL^JI Aj^ajjl jd jLuC-l 

A U if=A i J Aj\<q » \\ Jid t Lidlj j J . Alg j^£ du Yl \ f Aul^dl <5 L^. £-c Alg j^£ 

AA*) (Unitary) Aj-^I j uj^ U' ' J ^' ]C - nx yi qa AjjLg Ajdc as jq^ * ^a 
^ dd <^1111 ^c.1 jill JLuduAjj . (identity Matrix Sdl^-oll as jq^dl jl Aaj\ Adi as jq^x> 

<LuAjoij AaIc AjJid j A3 jda-G <jjjdj (jd-GJ Ail ^^gic. (jIa^jjJI (jdxJ Add jl! dl3jqk.ro a \\ 
lo^c-Ull Idj dldjjdll <j-G a.ld j (Jjjd <_£ jau n^k i a.ldj dujjd dljlroc. 


AIO> + pll>^ylO> + 5ll> 

tAi XOR Aj'raC. J^iWi Auxjj . ^jiujl ^jjdjjdl Alg j^d XOR dljlrGC. £-g 

<_£.ld 2.12 Jj.ldl U^J *^^>^-11 dldj cM' did ^jjU Aj.ld j Aj'raC. £.ld l_l^j 

Aj-gAI V t A lx>g rQ Id ^ jdll ^3 ^gJjVI dull (Jdjj C(Jj.ldl I^A ^3 . cdlj (J*_al dUlld-oV! 

II A jlroC. £cjli Adlull dull j .(Jjj^ull AiJld jll Ax_nla]l ^Ic. Jali^JI ^Iddulu IgJ 

^j-o Aji AirQj^ll dlul jjll (j-o AgIc. Ac. jx^d Ua.Vq ix> Aui! jJ diiu dj .XOR 

XOR A jdc- (j* Aj-g j>*d l_jLui^ dlu-ojjljd (_$\ $.ld (jdxu tS^djll dujjdll dljl^c. 
; # # 
diLajidl I j! 1 jj'S <_Jal dlLlLmJI ^y 22£- dllj dlLui^J ^k. c-Lij Idajl ■ laA3 4 j^i yS. 

- 1 . ><jl Ajjljal ditjjj^ diLiLic- 


jj^aLi jlja. AjIjj 5UJ 2.12 Jj-laJ 


JjV\ dull 

Adljll dull 


diJ 

|0> 

|0> 


I00> 

ll> 

I0> 


lll> 

|0> 

ll> 

=> 

|01> 

ll> 

ll> 


|10> 


cUjjSII *tL A ^jCi! JUxluil 5.12 

Spin as a Physical Realization of a Qubit 

|0> ^jtilLiJli .<1 mj a£]l dull Iua-LlIj ^LiLij V2 <y? j2u (_JjLuij j 

JjL LS it (Spin-down) (Spin-up) ^jlc.-^jd (jtial jj ll> j 
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4_aIc. j 4-3 ^i-x-sa-Q gj^AJ . ^(Jlj-all (J^Ajuj gg-^C- ; Z a\ 1 4_iAjaij^ (jdXA ^)^i»A 

.^JjJjlSI ^^ic. ^jlii ciilAlip (JLajLLujIj 4_iaja£ Clu 72 1 AjjL^ajI j 4jjIJl1jI Q11 

IAjjIjjI 4_aIxJ 1 S^jLlxi] ta3j gg-AjA^ll {ja 4_aI_C. Aj.1^.1 j <3 ^ix^aA s-Lij 

A = exp [- (271 i Ih) J H(t)dt ] 

jjLqI^JI (jiljjjSl 6^*1 j Cj 4_i1ac. g^j'q Vi ^j£aj 6gp] 

jl S-iV j ciujj£ 4 _^JL*_a 4 jIac. jal Jj j .s CjIiLjj^U V^Lall ^Ljjjflll 

. jj£I jl 45Ua gj^)3 l$-i3 .la. jJ Villj^iS 4_ll_a .iLajj (jiiljl 

Lo^jc. S.la.1 j ClujJ^ A-iLwlI _^joiIaa 3-ijxtij ,\jq'n 4 _a j 6 gjjAjoi g^-lc- 

g^ila-oll^ Z ^jji^ a\ 1 gj^la g^-lc. ^ ^gjoLilaijLAll . 1.1^1 _j LaJj-Ij CilJj)jVl gj^£j 

ciiL ^jc. c. q^V |0> g£^l*Jl — ^aJj-iill 4_ILa 4jjUa (Jx^J 4__fi jjoj V 2 g£ jLxjjJ 4-AJj.lj g^lc- 

jA /2j 6 £-(JaI*JIj ^ 5 -^ Lo jA g c’n^ . L-2ngS\iB B /h jI^aj |1> <^11 

a! 1 au^ <)1a AillaSI Jjjlij *Bohr Magneton jjj Q jn* a jA p^j tc*I£b ciulj 
liAj •—gS/JsTB ojl^Lo (3 j oc (jjij j^la l 3.J^ i t T Saa j ja. jlU 
t JHaII .8 = P exp (i 2ngS\x B TBIh) j y = a to^lj duj^ 

13] J 6 (| 0 > + | 1 >)y/2 / S gj^l^AJ (J ^ 3 gg-^C. ^ V* 4-Sl-^. 

• (|0 > — |l >)/2 2 i~x (^j +x l>« t- .'iVn oUjI j]i i2ngS\i B TB/h = n 

(J^la ^^ic. ^ xxijJ-aiae a (JI^-a ^nlaliJ A i^aaII C1djj^]| C!j\j\aC. ^ja~\ ^j'q V i ^j^ajj 

. ^Ic. ^JJ)^ A 

C!j\,j\a»,11 ^ja vLaLujj c 1 _a ^Jj XOR ^ A_i1aC. C t lUVn 

t ^ x^lVuxi 1 (. Sj-xxj 6 (J UrfO^Mlj VlAJ)A^H XOR <• g)A V 4 1 .LuxaJ S.^«.a\1 

lA^ix^aj ^j^aj j i ^jIaj j^j l,Ag nj ^ g}A 4 jIaC. ^jj'qVi (j^- 4 ^ 

: (Heisenberg Hamiltonian) ^jjLU vLuujIjj 

H = J(t)S\ • 5 2 

c Wn gj^Ajjjj <a jJalftl (Eigenstates) 3.12 J 

jjIaI^J o^jiAA ^ .^jjIaI^JI 
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f jiijjlA JjjlalA J-a ijjlljl (jjjjjjS 4 /.t Jiui 3.12 JjJall 


Jill ^ 

4iikii 

o J)Jaa ]1 aJL^JI 

1 

J(t) 

00 > 

1 

m 

( 01 >+ 10>)/2‘ /2 

1 

m 

\n> 

0 

0 

( 01 >- 10>)/2‘ /2 


SJL^JI dijli t jJ(T^dt = 71 j Cii-ajai j 1 0 1 > 5 JL^j di \ jlj lj] 

JjVl dujjill <aj3 iJ^Ljj IgiV tswap"4lalj 1L 4 jLu<JI oil* . |l0> 4^jli]| 

4jjl jiVI dujjill lllLLaC. (_y* 4_lo j^ill XOR II 4 ;'.«£■ <■ al'Ti j .4_ijlj]| Clujjill 4 aAj 

. \j(T)dt = a/ 2 U^a jiiil aC. <iLjaj tlkjl Sjj^AaII 


4 jaij LjUjjjill UjLajjJoj 4 _taj^£j| Aouj^aJl 6.12 

Quantum computation with electronspins in quantum dots 

Aj jl ^)3l CIiIaj j Jj ^Ic. (Jjj^^v Jl o' <#M j)A ^ U^ll AJ (j^fL (jl 1~NJ 

cJa^a 1 g \ a A^.1j ^JjJj A_jjjLllaji_A (J^k^, (j^iLak ^gic. o j.^aII £a co j^Haia aJj^aa 

(jj^ (j-o Aj jj^qMl V tA^s 1 a^Via lijii j)A ^Ijjl CjjP 

(j^AJ A_il c j j u>i^ (_£3 j LOSS (JaI A^,^}la J-^ S- 2 ^ jALa (jAx^i'n .Aj^jli 

Jalkill^ . A_ia^a^ djllij tA_L_<a^A t kx-^aj A_ia^a£ Jalkj ^^3 t ClAjj jjfLlj (JLaaIIujI 

.< 3 u^ia ^3 A_lA-AaA ^A_j^jIj dllj^Lj (Jj-a^A t j)A o j i» j>^i J^laLiA A_iaj)a^11 

Ajj^aI AAjjU! AkUall j}A (Jkl Aj^jlill aj^Lll ^^3 *>” i^aj (jjjJ^lV 'Loj^/Ul Aiillallj 
( 10 nm J 2 (j^ lA^)Ia3 ^^lill iA_iaja^ 11 A_Lakill Vi Ik] . A a\1 SjIaII ^3 
^ajlx^i*s\l j)C. jj£ 1 (Jjj«alij L_lllj^]l lAA j}A (_£^kVl (Jja^II ^^3 A^jj . 1 g \~sl3 jjjjj^lVl 
oj^IJl c." u\a Ikl iliA LUal^jC.! LajS j)£j . A-1 aja^\ 1 JaHii] A_ijj^)j£JVl J Aj^)j-£a21 

(jj^jj£jj (_g jWi (jl Aja^a£ A_LaAj (j^-®l tAK x a\1 (JaI^^. (jA 3^*J A q u^iaII 

AJU. (J jl j A J-iVill ^^3 (jj^ji£j jU LjaII A3LLall (jjj AkUall (Jj^alil jj^A . 1 g Ut/i AiAa A^.1 j 
j\ (J^ajaaII Ja33 LjaII AkUall (_^jJjoia (jl ^ ‘i» i IkA^ c50 ITlcV (jl S^Ija 
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^a j ^Jl C‘ \\t.s* j 

^jLtJI ^>jjj!ill ^giilL^. ciujj^ll UU (3al jj liJ j 4 ^ jj_3a 5I jl ^KqML Jallill 

. A lVq \W lijJI 3JUJI ^ ^Aijudll 


jjj&tyl oIajI 



Aaaj^ll Jalaill ^ ^JjJi 




Am 


Ajilo A k ai 

2-10 nm 


iH^ 



(jjjjSJVI Aaj* AJIj ,jj .Own .<4 <Uuu Alai! kkA 4 (i) 1.12 J£*UI 

<Jla_« JjjjJali (i_j) . (j^LaJI) ( sjLs ^1 aOj 1 fl A tia'tt jj|_a .4 I g «&» «j o jjj^aai a 

jjJI 411 j ,_jJjjj kj^LaJ) Aikia j JUiaJI ilua (j- 4 tAiaiiil AJIa Aaj^j Alb jjxjj 

4 uiiilU jjjjjlSVI ^jjJj Jjjii! AJLa*iui! jjL<u ,_jiJI Jla-ail Lj ic- g JjjUI jLuC-l 

.j jL'i) ialliil (ji jjjjilil 



AjI ^jijLdj 


ilacj I jjj£ (jJ^liJI ^ jU ijil AikkaJl kill) ^ Aj^ja!I ^1 ji!l i_i£l jjj V 2.12 JluJI 

Alkla ^11 ( Jjm)!] oA^) Ajaja!) ljj^uj JlJjj Jla-a (jjJaj ijfrj . 

^jjjjjlA (jjjlLiU I j2jjs .kllll CjUujJj JiUla jjjIj )i&j .JDijjj j^l^l 

.kua ^ tfclS [/(f)] 


A lLaC. ilL Ajxj la^a fii^.1 j A_us^a£ A kaj ^Jc. ^ m-lkk ^ J4-lkj 

% * * £ 

(JLa*HujI lg w>i O^J jl^al S-ic. di^jjal L.i^j Aj^l^al ciujj^ 

f # -S s= 

J^nlaj jl 4^lajl Ldl liaj lAAlijj tillj (Jjja ^j-oj Jaia AjUi XOR kl lljl^C. 

CIjLgJjJj jja ^jjx J JalAllI ^^.Ic. ^pijl Vi^ ^_uulilx-o (J^-Q 

JU^-a ^ (Spin precession) jj 2 ^ JL^JIj 

4_i1a*J aJjIjlaII o^A ^ ^ (J-olxil AaIxjj •gSllsB/h ( 3 j 1 -ujj .^ 3 ^ ^g. xamJ-i lag ^ 

^ c. iA n» x> ojLo JaJI j ^aJjJ!i]l ^ij (Jj1j1a]I Clujj^ 
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A_iajaS\ 1 A j-iVill ^Ac. (JL^-a ^ulaliJj . c Qu^iaII ^^3 AAc. A_iaj)aS11 A A?VA1 

. LijAll A-iA j_jj^1V I A JoVi\i aJL^J ^ 3-axj.i ^11 g (JaIxII ^jjan ^j£aj * ( 1 . 1 2 (JS A’AI ^3 ^'uaH 
aJLaxHujI ^j£aj 111 j JallA ^Aj AjjoiAIIj A AVq'Al ^JjAj aL^Al ^li*J AAjj 1 AA j 

.A_i3 ^SV'IA ^ gJc. ^ jJJ^lVi ^>J jAAU A_lJjaull A XiJ^W ^JjAil 

liAl a ^ijilLol^s . JSI ciAja^j JAaj 

Ljaaj AallAll (JJJ ^jjjJ^lVi (JISAAI (jj^J IaAAc. U^ (J_jSl5 l jaj^Jo 

<_ja \jqq i (jj^jj£lVi lg-i3 (JiiiAj (a j AjaAj AjIaC. i** ih‘i aAL^AI aAA ^^3 . \ASaa 

aAA (jAiqVl3 . Ij'^'l A^xJ ^aJ c2 A.J-aVAi ^^3 (jj_jA^lVi (Jc-lAjJ ^aJ t2 A_Laki]l ^Al 1 AJakill 
Qjflj IaAAc. VIa'WI ^Ac<! U- 3^ £^j^)Jjui!! aAA (jl l^lajj . (jj^jj£lVi AAUa ^)A Aj\a»A 1 
^3 ^SvAl A_ixJj . (Jlx3 J > 0 AaA (jl£ c2 A 3-iVAl ^3 ^aJ jAjII Lui^Ixa 1 A J-aVi\l ^3 ^aJjAj]l 
(J-?-* ^aUa c 3^j ^j^ajj .Ajiiill aj\a» \\ jl l o -0 fc ./ 

.(2.12 JLall ^ (3^ j) cj.-"^ q '^ j j' 

(jjSAuj ^ jji*-ja St>u 7.12 

Quantum computation with phosphorus nuclei in silicon 

A_Lli A_j^jLj cJa a_ia^a£ Ajjoj^J Kane Aa ^3 ^jjaa ^A^jj 

Ia^. £jl_ui jjIaA A ja. j ^AJ l^liiAS . (Jjj3£]VI O -0 Vaj (_£j^A1I ^JjAjIIj cA_x_ujjA11 

^Ac- ^J)A*> ill lAA ^)a (j^fLiLaJ A jaVi (J\a ) ^aJjAill ^ja (Jl-^. JjIAaII 

^ C5 ^ CjIa CIjIjAI! j^yax-l JU.A) ^j^a j_j . (JaI^ 

*■■. ^>J <LkAAll CIj! jaII jli ji ftAa.1 j CIijjj^ CIjIjIac. Ajq n Jj^jouI j .< 1 J)*Aa 

l^J oj^ J l t- 1 tS cJj ^a (Isoelectronic) dAjjjjilVl ^ac. AjjLoua 

^ jLoij ^All ^aJjAili CIjIa i CIjI jA (JLajLIujIj iAAj . A qVi'N a 4K /I) 

L$ CP 0 ^-l^j-aiA ^j^Auj^S ai^j 3-3^ 1 aA ic-_j .AjLujI Clai^jA^ cV2 

U>B ^ja aA^.1 j ^AAj . i A^. InJ-ij -lajl^jj iAls (ji 

. du^J^li 4 Q ^ l->\ AjjoUJ^ll 


AjI j UJJ^) L^J is* AjI j 

tA.^ uall jj^jlui a I IaAAc.j .^jj^jLoJIj AAjIIa tA_i^.jLkJI 

l_ja^jj .(Shallow hydrogenic impurity) AlauJall ^uii^jjA^i a_ajU!JIj Ia jj£ jj 

^jj^j£lVi AjAj ^aJ (3^J a jjI-va' 1 djlAj^)j£lVi A_i3l_AaVi Clal W A 
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4-lL^JI oIa j9jjj .(~10nm) 4 -x1«^a (Is) 4 jj~n jjdiA <11^. (j-ajJa ^^iLda^l 

.Ajj^lll ^gajl £_a (J-abtlil] "lc.1 jj" ol^ilL odiLall 

.* 

lg_la j to Jjg »,a 11 x.ujJ-a*ijg.^\\ jdjll JjjI jlaJ oJjiiA d-lJjJ^ djl.jl.aC. (_£ jVj 

4_nJI 4 j1^a 11 djla^ldkVl (jl .ol jill U^J £_a j-all <Jjjjl^)31 djU. jaII 

^jjjj J.ijj j9jj j' l^dLai (j-Q 1-g-l *o jjI~n a! 1 djLaJ^dillj i. lixjJall tAjj^LH 

(jj£j (j! I jjj£ (Jjda^Vl <ja 4_j\i tl^xall d n«\ <ja A Jx.^11 o^IaII ^9 ol jj (J£J LjJjiJJ (_£jl j9l 
jl ^jdjll ^k ^^Ic. Ig Ia^I A m a ol jl \ (jd^JI JJjj c <ajljj ^Ac. ^jjj^lii 

Knight djjlj ^L_jj| ^^C.dj ojAUa (J!>Lk ^ja dlli (Jx9 (j^AJj . (JL^-a ^Jajajl^J 4_1 a 

<ja ^jjdi]l £-a jdAiill j^Aauj^I ojj (Jj^. jjldll (jjjj£iVI JjIjjj .shift 

Maj^ll jjjIAH dllj ,W"n j .AiJI JjjlAll (J^LLaII jjjllill 

H = C S • I 


^gic. ^jjuiaix-a Jl^-a J^nAVl Jlic. .(_£jjjll ^Jjdjll jA / j <9^1 JplAll d-ulAH jA C d n«\ 

4jl9 jJaII 4 Ajqll ^uAlj .La .1^. ^Jj llAJjdj 1 4Vqn*iA .liLall (jjjj£JVI ^ H*oj 4 _aj]Va11 

(JI~n.aH £a <JjujLi1aj j^x-ail <i]LVa t< S a > (_^1 tJ^Ja-a]! (Jl~N a! 1 (_£jl jaII (jjjj£T)H ftL9*^ 
6 (_£jjj^l ^J^dill ^^9 jj^j (^Ldaj J^- 0 LolIj dllAl A y \\ i j . ^jjJoaII ^ *<.ij)Va a!1 

cjdj jj ^LdaVI JUill JL^aII IAa ^cj jjj .(Hyperfine field) Aidll Jyjiill JL^aII 

(JaxIIauJ ^1 AajLjJI (_£j^ll ^ , x A J U A 11 djl_li£i J .c L_LujLi1a jl^LaJ ol 

djlALidl (JI-vaII dllj ^-a djLaJjdil! t-la^9 Ajjjjl^j djl^^^j (JL^-a 

^aJjdill djlAl-^jl ^1 <J-unlL Ig Ajjdj jjL^-a 


(Jl-^- 0 *J^_lu!^j AiJill JopLa 

dj J j 0, 



jjjaiWl Jj . (jj^jL*ill (JA t flj^a ^ A . Idxa jjLuuj 9 S jJ (i) 3.12 J^uJl 

.(10 nm (j jLulj jiaiil) Sjjid 4 JIa jjSoluJj Sji jjLujjiH Sji 4 la Vi 

JJJXJ (J-«J tjjluijil) SljJ ^a jjjaiWl 1-iA J^ldi ^Lj^d JLi-a JUasLual 
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(Jlxjjj 12 .(_£ j2l lie. dlUjjJ^Wl <3lj£ f^C. C Clul2l 4 aj3 AaJ*J 
(JL^-a (3.12 4 , nj^ll) o J^iLo CjIjjjjS CjIjI ^a A^aL^aI 

col ^21 c£^ C d_ ijlilS\ ^j-o c2]j .<_£ ji \\ lie. cAi jJjSIVI jjjjt‘2 

dil-l^pl! (JL^a <Jajojl^J 4_1 a jl (j^j^ll ^3 (J^k2l ^Ic. (_£j^ 2I ^aJj.^21 (Ja^vJj 

.^^.^.jLkll ajjjjI^JI 

Jc. -iiilj . (_£ jji ^ajSIa ^jj.2 OJfi (jAuj^ll C1 jL2ac. iDVn 

C* djljjJJ^lVI C > ).W JJ . l*_A (jjjl ^21 (J O^lLall Cljli jJ&tyl ijjfi-} C^iallfA ja c. 

L_fllilaj-aVI Clllj I <2]j (JjJaSJ c4.12 (J^jaII ^^3 ^UaH J^3j 

qaa <321 JjjUll (j^)2] j c dllj <_uj£ljt-2l djlililaj-aV I o -^1 4 'NjVij . ^jj£Ix_a]| 
,"lVn^k . (_jjj£IxIL 2I L_flliiaj-aVI Ia$ Qjfi ^jljl^2l £jJa^J C(jjjl^2lj ClAjjjJ^lVI 

t<2l2l <i-u^3lj £cj12I (Jjjj^ 2I ^lAJjJlill ^j^)3 <jl2^ \ u^saj 


H = J(t)hh 


c^ji] . tjAAjj&l\ ^ajj. 12 lijl jj^AaII jjLqI^JI (Jc.lij <_nj (j-aiij c. I2fc j 

CIjIjIac. ,\}Vn co«liL2l dAjjjS^iyi 2 j^^2 <22^^11 CjIjI ^21 ^ 

^1 o^^l J CId^j^ 


LAj^j_j 4£2] 4 lajjjj^j 4_i3 ^aflaJLa ^a^j2 ^j^)3 



I ji& (jJaUJI jJ) S^jIaII AjjI j 3VI cjUjjaifcU Ao^j-4]| <^JI j2I J^I2j V 4.12 J£2JI 

cU-4 (j^u&l) <o^j-2l ^j|j2l JaIJj 2-Jjj c^jLj^£ JLa-a ^ulflj .lie- tfl . Cj3^]| a 
Jc-li2l JA& (Jjjl^lil JiL (jiil SajjjaiWI CjVIaJI (J£A ^jJUjSa Jc-Uj ^il cilij 

. Aa3 Jj13 ^ jjJI ljLajjJj ^jjujjlft Jc-lij jljjjj cAi2l J}jl£ll 
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Conclusions 


dfcUl! 8.12 


4_1aa^^JI ^yct aj 4 ^ 11 4_iioi^^Jl 

t * 3 

^jjjLujV^ ^_3 _' . ^l\ ^ II ^33li]l jk 33j . 4 ql'~'^. <xo ^-q£J1 j . *~,\ \-» 11 ^3 

JC. ^)Xj^al (J^Ltlill (jli ^1^.j .4 ;Lr. 4_ua^Ai£ <■ . '.; ■ ^ ^ c-ljj] 

^3 4_h£as CjIaiiLj Jj <a_3_jaa tl$-i3 a<-s."i'I j idlllljjjill (_jl ^4 dlLajlxAill 

(jl (j^aJ V OlijAll ^ ^Ull J Y] . OLljoLliajxAill j dlLjjAAajlj <■ "'t.n ijJ^VI 

jisi S-Ijjoj t4j_jA]l djLujULl]! ^aluj ^^3 djl jjg Vlll j aI^aII ^gajl t/T\ <LujAiA (_J^- V] 

^^3 AjaI^VI dal ^jA] ^JUgII £J-Jajj]l jl i4_1aja^ 1I -LaULili (J^ld ^j-o dilA 

dAj.wMl 4 _£_^.I^a ^3 ^)ja!I LajIa (_£Ajj u' l£ aLu! lilj « gj^UI 

iSaja^JI 

* 

4_ia^a£ dLiAggl^k Ad J cAjaIx]! C-AIujI (J^JI Ajju^n (JjLuia]| g>i« 13 • 

LsUgjd dljLui^JI dllj 

jl a_ia ja 5L1I JalUl ^ dAj ^ jjAj gl cAjjjlill ^^dll ^ ^ajjAjll • 

. gLlAA ^^-2 ^-Ic. L_2 ^jujL^JI ^ gA i gj^L.11 ^3 g^^ill ^JjAdll 

* 

.dldjJ^ll (JjIajI d^l-^JI dlsUa gjg3 ^J^ajdd J • 

c1jLujIaa]| ^ L 4i ^3 ^_nll g^ajl 4^o~\ (JaIjciIIj dld^j^ll Jjl aj • 

^gdgjlA gg3 gjjxn j! cAalld<2l djUjjAjll g (JaUI gnxn La] tlA^. ogj» x^i'l 

. gjilido ^JAAJ jAJ gJJ 


Questions 


(JjLula 


2 n -l gd<a]l gA jA^aII aIac .^1 ^ia^J L_l£l^jJ ^.Laj (j^-^ ^ (j-iJ .1 

.A_ia^a£ du /i A J-^44il^J 

P = 0 i(X = 1 A-ijIdijl <11^. (JU ^niaj L_L2kJ ^Illl oAaII l_1xa^.I .2 

.AALdilj (JI^a' 1 ^uiaj c > vnj ^aJI -^a^.j cy = 8 = 1/2^ 1/2 ' > <SL^. 

.Aaaja^ XOR 4_i1aC. *3 
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Jc-liij 4_aj3 q c. jjc. .4 
• C Jjjlill CIdIj <L<u3j a-liLall CLiU 
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Jjic. dJISfl 


IjAajfa \i a 5-ajlLfiJt CjI Jj^ VUl j jI jaII 


Magnetoresitive Materials and Devices 

* 4jji 

(Seagate Technology £y* 


Introduction 


a-.iL. 1.13 


AjuIaaII jl a_ajULa]I £_a JaU^I A_iLla ^ic. o^jg * a 11 Adixj 

I^A (j-o Clil qj i j-iill ^ja^w t^al jll j . (AC jIHaII jLnll ClillnlaJ 

^jIj U’ (Ja^J J jl) (jjJpSlVI A_W-uaJ Jaia ^lg-j 

C fll kSl \\ J Aj.HWll A Ux) iJVlX a' 1 (j jl-X-A lg_lAJ t ^aII (j-Q .li-lxll J . ^)A 1 Q \"l -t A 

* 

7C \1-1KS1A C. Qjn'IJ . dlA Cj l3^)C. AC.^I1 a A JxxljJ-l'lX A A_AjULa (JjC-laA 


^a j . ^ xxnJ-Vix a 11 (JiLaJI ^Jc. ^ jijj AjjIj^)^ Aa jULa (j I a jaD AjxxijJVix a 11 Aa jULaII 
A^.j ^^Ac. J • ^ a 11 (JiaJl ^jxixxWi dil ^nA-a'i ^3 ^ Un A-a jULaII 6 JA 6 3ila <jl ^jJal ^11 

JaI JIaxi'iJ spintronics (A_iAjj.ii]l) AYnuxill djhjjjj^lVl-j ^xW<ij ^ax_ 1I 
<ji ^3jjjj .Jaiia 1 Ag“i W k1\ _jlxWiaVl V tL-jilillj (jj^jA^Vl AW Ai L—iil^. ^ij AW xi'ill 

Ajjoi dAjj I ^ja jIaj (J jia. S^jjja oJlJAa. ClillniaJ ^Lal JjaVl 

L_1^J (l^ : JJjUa Aj^ylj cA^JUxll L_L^J CoAii-« A_lil±uill ClillJ J JjilV I ^jj£j J . A_1A^a£]I 

^jl c > vnj (l_j^j c^jjdill A ^ A?‘uua 11 ClAWxxill ^)a ^aVi UJ^ 

^jl c > vnj (^) j tig x a JaIxjJI j a ^J-V qWiAll dj\x aViII dlL (Jjljj ^ic. ^jj_jjla 


( } Oil Heinonen, Seagate Technology, Bloomington, MN. 
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Ac. ja^ a L_jUa£lujl jjJJ (jjill jl 4(Jj-aL^Jl ^aJj.ii]l L_jUa£luj| L (jJ^^-2 

o^i^VI AijVI ^ dilij .AjjLgiijVlj ajjI^VI djlw xti'l 

^Vi\l ^jJflLLuij lijl j& l-UjuJI j .aIbUI c. ^aII (Ja*j A.jnuall CjLijjj 3 £iyi 


AfjUa (jLLaj j A_il2Lill ^gajl »*oAll ciiL j)Aj ^ A2-^ A^LiH c. ^)-ajL -a^. 

Clil jjg Vi £_L-a j)£J .^1*3 Aaj 12 (J2l^j Ac.1 u^i AiLiJal t dllj j_jj£JV 1 

<iLaiLuiA /li (JaI^^. (jka. Ajj» x^o c > ^ u*n t al x^'il (jA Aj \\ un CljLijj jjSlI! 

A.juuji CjUj J J jilj dal jjg V*i Cl±*_kJa j A^a. j)A .JjVI ^jHa]| ^ cI£_a 2 ^j«^l 

Ax-ala. ;AjC.Lix-a ClllAlllaJ SAa Aia Aj.lJ.la AjxalJVttt a jpl-XA j Aplc. jpLxA j)A Aj^£a 

^Ljja JjU-a&ll u (jjd2Lij c a ^juj lAfe (_g-3^9 . ^jouJaixA]l Ac.1 ‘u-a ^2 

(JaILo^ dAxSjOJ ^ g n c_fljjjjj . ^.xaij3Vi«.a\ 1 (Jj-v^nll ^^2 L$j\ i3-i i J dll jjg V^ll o^A 

• AYnuall J5I ^ill L-fll CljLijjjj^lJ ^_al^j t i ^Jc. 


4,UMjh \ za\\ 4_a jlLaJl Jj-alic. 2.13 

Elements of magnetoresistance 

L-ljjojlaJI (j-al^)2l ClAHI jjuj ^2 AjL^II j ^yi jj^) ^J-a> ^Ja*Jjujj 4 Lilia. 

Aj^nlVu a\1 J jKII (Jj^aj c. ^ vnj tS^l^iill (JjjI^) (_ 5 ^J »Aj.ljAa Aj^ijlV^a a jI^a AiL-all 
. AijLi^)^ Clil ^)\-juoJ ^Jl La AiL^)iaJ (jj^alill lamj ^2 Aj j^^-aII A-o^1*_a]I ^ja A q i r^ll 
J jiaJl AjujLoi^. Ajjlj^^il 1 g“iA jLLq jl ^1 jll L_alljj (jl (jjl^Jall cilL 


AjtajJ-a^at a\1 ^LajLLoIIj SLauiaII cAajILoII o^A j .Aa^^L^JI Aj^ijJ-a ‘tat a 11 

jl VI .AjAj^JI a uajj^iat a!1 jI jA AaLc. A_ix-aLk aIaLJI ^ ^ <. (Magnetoresistance) 
^A U SjLc. 0^)±& C Uaj\ AjtajJ-il* a 11 J jaail ^I^aII ciiL ^2 A L^LIaH AaujLoi^JI 

^xl^L-ajj (JjC-Iaa (JIax!1ujI ^jaJll t. t 1 jll j t A ? nW\l S^I^j! (_^jj jj^) ^2 

(jiaxj ^2 Vjl Lille- c^-Ax-a]! tillj (JaC. Iaia ^g_2 Ajpuj .^Jj^iill ^Iaj>^i 1 g \a tl^^Iaj 

.L^_i2 ^j\j^)^£jl (Jiillj AjAj^JI A^UxnJ^^at a! 1 (J^u^nlij 


Fe ^Ni 4 Co :Aj^I jt >4]) ^ AiUail £\±1 1 . 2.13 

Band Structure of feromagnets-Co, Ni, Fe 

aJj^joij (_ 5 ^ c ' Aaj*j Luai iLu.^i L^kj (, ua**^j (jl Ajjl^VI 

ijjjijj . /z/2 <_£j L luJ <lUa^i (_J jl j aa.J ^jjJJ^ll J£la tClli 
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(jjlxuall jl^l Z Aj£j-a11 U^^J *|Tb ^.xaij3Vi» /Cl ^^3 ^-GJjJjll ^.**n)a IX A 11 

+ M-b u /^J q " 3k\j 3 ^ ( 3 ** 0 ^^^" ^ 3 *-^ z tj^-ojj 4 (" t 5 iiui"j jk") ± h ! 2 


A-LaJjJdJl Ajjl^ll £_A^. Aj^ft ^^ic. 13 -OJC.Ij . ^jiiajLuJI (jiixuall ^jilLlLoll 

(_£ jl j)\\ ^>3^ 3 -0 A-iSLx-a z Aj£jaj ^gVn ^jl Sjjil U^ -4 ^ 66j3l ^3 CjUjjjiEU 


(_£jI.1a (Jj\j ^^3 ^ j . ^3*-^ 3*° Alsl ja Z Aj£ja £_a t^AJj.li]| 

t c jilj .<1 J^al ja ^jlj ^g^ouiaii-A ^jj cJjjj^I) J£1 (Orbital angular momentum) 
(_£^jJ Vj t^-AJj-illl ^^-uJjlaix^l 3 -0 I J;!^ J« <>*al (_£ jl^l C3 **0^* *31 ^x^3^ 

u .(_£jI«1a 1I (_£ jl^l ^* 31 ' Sjjuj lilj *Aj.lp^JI AjmjJa \x a 11 ^3 ^g_A jjl (J?\ 

^ajjiJI l^33^ ^^3® ajajjiJI ajj!^ ciAjjjSSiyi fj*0 2"^ a 33 ^ 

AllaJI (jl a $3^ Jaa3 ^cjJa jj ic.1 jail oi Aj .Hund’s rules ^jA icJ j£j Ai jx-a ja ^_3 
(Exchange interaction) ^ ^aJjLuJI Jjc-UaJI jjj jjljj JjjLij dj'jJ a jdi 4 -ujjjSIVI 

^j^AJ V AjI ^Ic. (j-ajj (_£^ ^jl-J 1-liA 3*° 4 JiL±a]| J^c-llA LolL .Aj^jaJI AiiUa]l j 

\,Ag 1 3)-iMll ^jjjjjj^lVI t*ili (Jx^.j .aJUJI ^j-kii jj jKaII (j^aj ^9 3 jl^H 33 j3^^ 
.^jLi^.ja]| LgALxjIj (JalllJ V t." n-t 1 ^j3j-ailA ^.la3l ^^AJjJjll ^£j!3^ ^^3^ aJI-^ 


^jlxjllill jl A_JI Jjjl^ Clljl£ LaC. AjjSLiJI ^jj] j£ AaUa ^jiaiajj 4 chilli A ~njVi j 

«. slilaj^aV I 3 X -^ J ( 3 ^^ a 1 *^ 3 ^^ AiiLia ^jC- ^^.Lill A 3 lia (jiala^-jl 3 ^°-J J • 


(JAJ t^»AJjj!ill ^ jljll Cj lljjJJ^lVI ^*-^3 z Aj£ja11 JjLuIaII 

^_ja ^J^xll (3*^ CJ -0 . (^jjaidajjLAll ^jxl3 Aj>-aLiJI Z C1 jIj£j-a11 jjLuiaII 

cilL ^gic. ^jl ^-<aJjJ!i]l (_£j!3^ f^3^W Aj-aLiJI Z Aj£j-a1I aIL^. ^j-aaj ^^3 djljjjj^iyi 

jI^c. 1 l*] 0 - 3 ^ u^j 6 (_^j!aa1I ^3311 t 3 ° Aali^-A djVl^ u' L — 3 ^j 3 ^V^ 

3 V] .JaS3 ^.Ij Jjjjilj V] aIL^ J£ Jiu^ ^jl 3^^ ^ cA^l'Kxi AjjoUJj Ajaja£ 

c(^jI^a1I i^ jl^^ 2^^) cs ja> ^3^^ ^g-AjA^ll ^^xll 6 jIj 3 3^3^ AsUall 


Z CjU£j-a1I ^Ic- ^laj3J A n» a AJaaj ^jc. ^J)3JI Aj^j^JI AsUall j!3La 3* >J 3i I^Aj 
(jl Cljljill ^h » a A_ijlg_lll A >/))'! j Aj3^J^-° CIjLaJjJjj Aj-aLkll 


Lol . ji^-all ^jLujj t^joulalx a II ^3*U l^lj c^AJj^llI jl3ll ^k3ll A-iSlx-all Z Aj£j-3I 

^i]| Jlull J j dJLj^ll A_^aLkj c Transition metals AJlSljVI 

t Aqjq^'l » lj n+n J;i^ ^ xxn3a)at,A ^3^ C5^ A^L-all A >J V3 3 ^ S jj^i 


(j;!^ t" tl 4-1^1 ua \\ j-ajL-aaAS Ajl3j1a 1I <L-a jj Aj^Utll ^.Ij jjall ^ a ! j3aj V JjjcLo ^ ^ 

.(^Jl^l) AjAj^aJI AjjauJaii-dl ^jJa* J ^jc. Jjj-uiaII jfc j cAj^^aII I^juIjJ (_]i.l Jjj l^jjlaj 
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1 ks~i ^jLujJ ^ a (3-° Z 4-3^-a <1 ^x1a ^gJlaljl (j^*-a 0_jj (J£i .l^jJ 

4_ljj^jj£jV^ AsUall CIjIjjJjola 0-qAL cLaJjai^. dl_j3l 0-aAia Lade. *|^g 

jL^jl ^A A^jlilll j . ^)qj>.>oll qc. l <a\"i-Nj dl j AsUa dlsUaj qj$Ls! 1*_a dal ^)3I ^3 

(_j-o ^J^x]l ^ ^nlVax .all ^3*-^ LS^" A_3^>^JI A3lia]l ^)I3 Lq 

^pajlij <. S^juj i^ljill jlj L3J^ AAIsj^xa A_ia i A_ 1 aJjJj]| AjjI^II 

^JLaaJ <313 AjJaido tA_3^)^JI AiiUallj (_£ jl3^ ^>3^ (j- 0 Z Aj£^)- 3I (j-° ^3^“ 

^3*^ (J* Z Aj£^>-o l^-iS (jj£i aJIa, Jj ^ g’n* u*i ojj (jl Alx-sa^-31 j .oji 3^ A3Ua 

. jj ^ 1 Ij^c. C u^nl ^ 31 

dlLjill (J dVU A31 j£j 



dlLjiil <jlid!j ^^1*3 ^jj-iiil J ( jLuuI! ^l) ^udlil LjVldl datsliiS 1.13 J£3J1 

.(j3q]| j|j Al3)j«a Jxj 12 £>* (J* 1 /^ a) ((JOa31 

^^3 A-ijj^jJ^T^i dV1^3 Ail!3 ^^3 Laid ^dalj ^-SL«31 ^ x+nJVax.cll u] 

}'W ^-uulaix-a ^jJC- tt> .Ujll CjVUJI AfllSS 1.13 ch .AJlilj^l u^ 1 

.(^'IvW ^g_uj3ai*-o ^j«lx-a tdlllj^SJl ^3 ^iLuill j ^jlxJ! dlj^^jj3]V ^5 

dVl-^3 dlili£ j ^gAijjJI ^Jjdll j dlsUaj jda t 3 n-\ j 

C5 lijalll ^JjJLiSI dlsUaj (jl frl n*UjAj Cld]Lj3]l A^LulLg 

I .(Exchange splitting) ^jc. ^.131 ^U-aijl L5 -<ixuj Ailkll ^ 

4^-o^j 3 AsLla ^ jlliabQ ^3^. A_i1ia-q ^lijoill j 3^ c3 C5^i 

4<j11aa]I ^ \q^ili ^aJjdll ClaVl^. AIIIaaII ^^1x 11 ^aJjdll ClaV^. (jj^a 

.6^)3 3^ ^jc. l *a V*a ^ ^_unlaix-Q fjc, (313 Amalia 3liA (jjfLaj 
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Drude transport theory 


hjzl 2.2.13 


^aJj-iill j (_£^IxII ^Jjdill ^sUaj <1^1 ja]I ^jC. ^^.Lill iVi (_ja 0JJJ 

^aLujj ^lill Ja£3 ^A^ji ^Jajoj Ale. ^lll CllV^-lli . ^ aj.iJ lat xill (JiLiH (jIIaIa 
44_1jI_1a1I c. * lUii \ ^Alxxillj ^aJjdillj (_£^lxll ^aJjdil! ^lUaj (jl ^11 . (JiLill ^3 

^Ic- c4_all^o ^Jajaj Aic. 11 ^Jjdillj ^£^1x11 ^Jjdlll CllV^ 4x_nla (£jj^ 

^jj£j L_fl JJJJ (LiJaj) Clilill^ L_£illkl L-Ujoi Jj 4 111 .6 JJxJI Cjlj ^ a£j l \\Wa 

^Ixjuj £a A^Uall jl cCliLaull jli dlll£ . 1.1 a. <alii»-Q 1/ T^~ ^ ^)*i» Jill dj V 3 xa 

(jli 4 111 . ^Jaao 3ic. ^ALuill ^aJjdillj ^jlxll ^aJjdill djV^-1 1 q\“l^ < o ^jj)^UA) 4 Aa. ^aII 

logJI (jjj^jlxll A£. ^aAaII ^^1c.^)juj 

(1.13) 


:^,^>-»J‘V (£jT) ,V (U) 


V 0M) 


-Vs - 

h ( *’ a) 


. Ldajl £^- ^a^j 3 Aalia Aic. AjjjaaaII ^(k ^ Aaj3 4 


C 5 * 


C 5 * 


) 3^a *1 at x^ ^J3 xa ^£- A W x 


j U3 oa Uc-3 


^ 1 u 3 ja 


JaIj^J £ jaJI jLaaII IxujjIa jA jaII jl^LJI 4 (Drude transport theory) JaiSI 

• d^jjxj A\~\ xxi 11 (JaI^a. 1 g x Joq’i ^lll <3Loia]I JajujjdA ^jLujj j . A W xlull 

llijlj jl ^.Lk^pjall oJa l Vl^Aj 4^A^i A^-^joIJ dl^^JJ 4K xxlll (JaI^A. ^jl ^Jl 

.S jIxj cP- 1 ^ SaaSI l)- 0 c 5 ^ J 4JaIj^ 11 relaxation time x Luaj 

^ 4Ajja 1JI SJC-liL ^jujLixdl L-jlxxi^ll 4_iljl3 ^jjjIIaII _J^ jji* (_JAxa 4lj^)Iajj 

old L_1 ^1^X1 <_£ jLaJ 0^)'‘'l» ill (J^XA L_balljjj iO^C. 1^11 0-^ ^JJ . (JIjaII 

Ijj^jjJaA 4Ajjl_g_l]lj AjjldLVl ^j^a£ AAjht.s' ix> ^x-saljc. ^xa 

^Ua ^J|j t^\ 4<j^)A 0 JJX^ll ^jj£j 4 L_u1^juJI 6JJXJ <SL^. ^g-Sj .AjjI^II djV^Jl 
^ dil j djVl^Jl ^ jxa-^ 11 a j 4^j^jLoua \j j£j jjl 4 __l^j Ajjl^illj 

111 J 4<^. ^-<dl ^-Ixau Ixjla o^pxill (J^xa AxilxJ 4 ^^ax1I A^.j ^Ic. j . ^Jajaj 

■V T =V T * 

(J^XAJ ^>^>11 ^)Lo1a 1I Ja-UJJJA Jaj^ lll^Aj 4 6^1x^11 (J^XA ^glc. (JjAXi-j ULj 

IaI Ha j SjoxJI 




(2.13) 
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Jajuj jIa (JaxLaJ Sjlc. . Ljajl A^. ^aII ^lx_uj ^Jc. Aaaxj _J ^1 J-uia]I Jajuj j! 1 a (jl A^j <»" ij’s. 

J£l djUa-uj^-Q (JiaJj A_ijjJj IJ Jj IJ^j . ^_aJ ^ia-uj ^Jc. CllLlA^JI oAj La J^Ia 

(j) l T^aJ 111 j l j^)JJ flAfc J V l^jli tAjaMlJall jAl JalLj ^ t.^x\W 

L->n' jji-A aJ^ Aj A^aLuU i AjjL^^II A-iIsLill (jc» A ' . >Vn«N- . ^ = Uft t_u^j 

> f 

(jl _^A aIaxLuij ^aII ^jjAillj . £ Lk^iujV I SAa jl ^)^JI J-uiaII 

SjS ciUj (jc. ^y'\\ j cl/x (J.Alaj CllLajL-alil E ^Jlj^)£^ (JL^. Aiajail^J 

(JiL^Jl A L» ^J_uuJl (jC. ^J_ill ^a^J! C5"^0^ (J^XaII IjJj Ijli . lill^'Wl 

Ac.^)jai JajujjJ-o] aJjLxa ^Jc. 1 i CIsLaI -iLaj-aV 1 (jc. ^ajjll Alill £a ^a^J^JI 
jlnll Aili£ J Jl IJajj .S jSl-uJI AllaJI J v d UjjSSJVI (Drift velocity) 
AiU£ Jajj 1 t^aj tcAjjj^lVI Ailii£ n c’ 6 j =— env d (_£jLuij JLj^^II 

IAJj^^II AjJaljll A_illlill A^mll Jc. JL^^II (Ja^JL JJI 


a = 


ne 2 x 


m 


( 3 . 13 ) 


JiUl (jA ^Lull jlAll jj Mott jr 3 . 2.13 

Mott’s two current model of magntotransport 

AjjoJajxAll CllLoJalAll ^3 (JiLillj (j-aLkJI o3_j_j3 ^3^aj £_1ujjj \j ua 1 (J^joiII (jA 

j)’\x {) CjIa*J (JIaA] (j^AJ Aj! ^A AjaJJI AjjJaJlIj .aIJxaI! dlLjal JS^I (jjax j (jAjJa 

Jc Ulijua Aa jAaII j Ij Jc Aa jAaII diljj j£3V! JLlj i i spin flip c_L)laj! 

^ajjJjII jl Jl ^J! £}a z A^ jaII (jl ^^A tiilj (j C- iS I 

£a ^Jjjdll -lajl J aIL^. ^3 LaLaj (_>J iil] j (j£J . JoiJI Ai^.^11 jjIaIJIj n 

(jl tiilj Jl L_flLjaJ .(_^jIAa 1I (_^ jl Jl ^a^Jlj ^-AJjJlill (_^jl Jl ^^-Jl ^ J-^ t -“ JAaII 

(jA AjjJal^ ^3 AjA^JI l_dIjjjj ^3 ^jll tillj Jn3 (j a ^jll cJajl^JI Alix^Jall C1 iIajjJj]I 
LaJ^j C(JI^^VI ^.) A y C5^J L_L^Ajl fiJxJ ^ )Ud"i (jl (j^AJ C (_j-o\.^, *l\l 

^Jl asLoiaII UjJj ^ jLaj (_jll J .o*n il AiluiA (j^^j cLia Lil AaIJI c1iLaJ£i1a]| 

jIxjI (jA I C-Lylaj! 6 JxJ Ac.jjAxk (Ja \ jJ-a A.A J (jj^J^lVI 1 g « )aqj 
(jjjj^WI (jl jlncl i A, \\ax II ^)ial^)C.^U i 1 \ i^a) l^l ^5 c^IajAVI AaJxia]| 

. Jn^iA ((jjjjilJ ^AJjJdll (_^jl Jl ^^-Jl (j-Q Z Aj£^)a]| cA 3J J£l ^jjxjj 4 jlj 
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4_aj.1a]1j Ij^Ic- 4_aj*1a 11 CllljjjJ^lVI (jl jliic-l 1 T^aj 11a e-ld 

jia^ a LaLaj (J jLojj A, jl^ll A-ilsl-lil (j)l i* n j c jnlt/iVu (Jlj ^jLj9 (JIaj 1 j\A * j.) 

4_ila lj c. qVWi .^AAil^'l $.^J1 J) ^ j .a = Of + a| (jAAJj^ill ^liii A-Jllj 

^'\x\i.si L-S^lldl ciill L_j\jjujIj .1^)44^ li^llidl ^li-ulll ^Jj-lill A-iialj ^jC. La^aC. (_£^lxll 

djlill£ j (die- JA~^ a! 1 djlc.^)JUJ L_fl^lldl J ^-LajuJ dc. (jjAJj-iill ^Jtjlj 

<9 jq»^A jks\\z, \W (J^*-a AaIxj iLajl 4_ill li^dl LJ liajj .ctfLJI 

4_^.j .AdlgljVI CliVl-^Jl j A_ijldjVl djVl^Jl oJixJl 


^ill tilij (jc. (_£ ^Jj.dll £ JJJCaII cljlj j l_^.j^ll ^jjuIj 1>A (j£ L <i\'‘Aj t^a j-axll 

6^1.13 dll ^^9 ^uaII tilll ^gij AiLdaVl^ . ^-a^) 9 ^Jajai .lie. ^IAjoiII ^aJjdl] 

<1L^. 4ill£ 1 _jjj£ ^£1 ls " ^jdill c.iisu ^ J] <1L^J1 dilill^ l <a' ,, iV , i 

ojlxj (jA l^)Jj£ ^)i£l C5 IiuJI ^aJj-dll (jl ^A A >j"i'^l J .(_£ ^1*11 ^Jj-illl 

^ajjdll 0J4XJ (J^*-A (JA l^)Jj£ ^)4^1 ^aJjdll OjlxJ (J.1*A J J L(J? ^1*-11 ^Jjdlll 

4_^JL*_a Adl^-oJ ^lij 11 a j .^JLj^lll (Jlill ^.lc. ^ ^1*11 ^jjdiSI djVl-a. ^ * W‘i 111 .(_£ ^1x11 

^ic. il^C-Ljadlj AK /I) 11 (J-ol^^. CIjIaJj^ 4_^JIx_a (_£>Lk (j-o Au^nlV^a a 11 1_a j)o ‘ iaII A-ilslj 

dllij j J&£U 4 j j£ jJI a^j^all ^A olAj .4_i^.^jld. 4 jxj.ijJ-a'^.A (J^l^. tlJUiAll 

. 4 i'uw ni l 


Aaaiillj Aaii^lj Ai^UxJlj A^Ul^^UI duuIaJx^l JJUjli^ 4 . 2.13 

s j 4 ?A'j 

Acronyms: AMR, GMR, TMR, BMR, and CMR 


^3 ^lill 4_alld>ill A ^UAijl-iiat a 11 ^LajIIaII (J^C-lLo ^Ic. Aju^yji o^)lai (jVl 9 jjuj 

> 

4_ajI£a11 (JjC.\Aa 11 (.iilj Jjl j .0^.1^111 L5^ c3 A *-l jal - j cl^ ^5^ (JLa*1lujV 1 

c^l ^ Iajac^ Sjj^j^ll Anisotropic magnetoresistance AMR ^ j^ln AvllI ^ j^ij^^a' I 
(j jLd j ^)\_£lll A/ a j a xi 1 3-a \» a! 1 Aill^ i^j±i Ajjl^ll diit^ 111 .a u^nlo a Aaj>)o \a 

10 J ^Wn jiaLAll 4 -OjHaI <j£^A 4_AJ (jli t0 


A/? 2 /-n 

R = R 0 + — [l-COS‘ 0] 


(4.13) 
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Lg_i3 ^jujLujVI ^J^^aII .La Ai. qll A \x t/ij o.Vq» a (J^xAaII IAa c-Lj^jS (jj 

^JjAAII OjAjU <J]j AajJVia'1 ^LjjV (_£^jA jIAa SjAjU (jl jA 

. 4 qlAA a Aj^^LI! lAjL&L^AVI (J^3a ( - 5^ c> ^jjAAIIj 


^Ic. AIaII ^ja s-l^J AxjAoJ A_l^.LjAa^UI Auu\h\x a 11 AajULoII (J ^aAa ^Ajj 
C-LaC- ^JA 6£.l^)3 (_)jJ JJ^) ^ Hrfol l_i3L£ I JA (jL£ L*i]A £AJ .AiLi3^)]! AjjalC-^l CIjLa j)VlA ^3 

S^.1 ^)1SI jj^) o-° (JjJasI a^LiIa^LSI a i» a 11 Aa jLLoll (J^*Aa ^Ac. IjLaAc.1 c3^.J 

^ja ^Al! (.A }-i ‘lat a\1 aJIJj A J-ai at a\1 aA^joAI A^buLiiaix a 11 CIjLajAViaII ^3_j . AjjJaJ^^lAl 
(jc- J^iiiaH cJA^AI ^jc. ^->'n (jl Ajotn^iiat a\\ (J^aj 6 (Permalloy) (JfLnII j aja^AI a Aij\A. 


JAjtjj t^jjxA dulj oL^jI jLilll £a j 

A Uai 1 A 1 \» a 11 Aa jLAaII ^jAfc<o*i £ 1 


*L5- 


*i lAa I3t„ 


Aajoij ^gAc. Ajj i^a CIjIAj 


LaI .A uh i3-i i« a 11 AajULaA 

1 jAvn LxjIA ^^iAl a^)LAl ^j^La LS^" *O^A 1 g \a ^ ^_3 Ajj« x^i A-I^LiIa^UI 

(jjj CT^ Uj^A lAIA Vnj . J-^Aj c_LixjJall) ^AiaII JA^Al 

(jjAjuAl aJU. ^3 45° A j j> am J-a*i » a 11 AilAAj jlnll AjjI jll <_£ jLaA i” n^k j SeA^all 

.(^ jU. Ja^. ^Lic. JJa ^1) (Quiescent state) 


A3^La*AI a uai iAa i» a 11 AajIaaII (Jj^-Lq oj£>Ia^)j (Baibich) ^jAAjj i\j <. LAuA^l^ 

^jjAIIj aja^JI djlAjJaiA ^ I j^-jj 1 1988 ^Lc* ^ (Giant magnetoresistive GMR) 
^jjWi IaaIc. Ajl GO A AiJaSI a£Laja L^j3 ^ jLuA ^gAll iCAlk±lall oj^*Aa!I Fe-Cr 
A^,^jJ Ale. %40 tJj-aj AjaxijJ-i iar a Aa jL^a LuAj CA\ ajJall (_£ jJjaa ^3 

La-IIc. tillj ^3j . CAlliLall (_£jJjaa ^^3 jlnl! _^aj CAi^ cA3^)*JI bj)\^y± 

djLiiLa tj±i ^LjJoaII ^ AtnJo'ijt a II AjIAxj Cr aAIaja CA^jAlkl 

aJITiaB aj^JI cAlifLa caa^.j ^-jLjo a! L a. j .aJIAIaII aja^JI 

i .Jii. ^iiLaliJj .AiiLall a ^3 AAlLa (j£ Ajt^iJn lat a ClAl^j cAjoi£L*Aa Aj^)I jAa AjmjJ-i lit a 

< tCALllia]l ^jJjola ^3 ^ 1 flV^ AjuJaJ ^-p^) L) -0 ) 1 _jAL ^ ^3 

AaA*j Aj£^)a Aa jIaaII ^jl A^.j AJj .Aj^)I jAa aL^jaA ^3 CAlAiIall ^ja~n A j x ai j J-i \» a 

:aJIAAaJ 1 CAl q i)-all A a oL^aI 0 AjUrii'l AjjI Jll 


.(^.^JaII) ^jAaII 79.58 L^jLuAj ^ wijln'iit x>\l oAjj 6A^.j 4_5^J ‘0© JAjoi^jjVI 
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R = R 0 + -^-[1 - COS 0 ] 


(5.13) 


Ai£3xJl <jl . ^Aj^)1 jjaII [£ S x ^LgjIaaII Rq C U’s. 

. ^Lgj]1 c > u~n £J^g ^j-ojJajj ^^lill A_i^.Li1g!}U1 AjjanJViat 31 <LgjULa11 AiL^lc. AAIL^g 4^Lgj]1 

C123^-iuia]1 Ai£)La*Jl A j j> ai j J-a "i at a 11 ^LgjIaaII A_1gI£J1 Aj^jI y\W A-iaA^I Cli^^pl 

<jl ^Jt> ^ \>.s-i^\ i fll 3'iSV 1 ^B dl^Ja ^lill J^LU (_£.l3 (jl V] Aj^nJ-i 'i* a!1 

A_jj^) (J CIlq^I .AB t Lg .1^. <jJai^Lo Clljl£ A_i^.^LiJl (Jj<i>k 11 A_JjoiLoi^J1 

^j£j .dlllllall S^^tlLo A^qj )]^ \a ^ L^-Jal j l^lixj <a jULaII J!1uj^)jI 10000 11 

jxm j caKjIaII oja (Spin valve) Aj^Lgjj (Dieny) ^1 jlkl 

^jl!ill ^jjjmVllt ^ 1 Vi J . ^tlll ^JaLoll ^ ^Loj-a ^gic. !>Lu-aij j!i£l o^laj C5^ 

Co- 11 AJL)Lax 11 Aj**ij)Vijt a 11 VajIIaII (J^xIa c_fll_ujj£l A j^ijJVixaII £$.1 ^11 jj^)1 

* 

A, Uai i)Via a djLilla AjjU^II ^Jj-iill CjLgIa^ ^B ^a^ill ^JaxJjujJ j . dA^llal! J^xIiaII Cu 

^^a CoFe 11 Jaj^ylV Aj^* 0 Cy*^ • ^>3^ 31 (jA A_L-ala djli±La ( xa CoFe a 3*? ^>a AjAja^. 

.o^ixj-a A_^Lii33Jl A_jjjulaii_A]l 

jjljilla dlL. la-lic. (dlVLaJI \ ^B^ A_AS_ill A n*i i)-i iar a 11 A^jIaaII i* 

<_j£-g1 ( Aj1a£ ULia^) 3^“^1 1 3 J • l) 3^ 3^^ '^ajoil lar a 

13 j .aJc. 02^ 3^ J^l^Jl 

<a jIIaII (jc. ^lixlill (_j^a! 4^jjjj^j^J1 q\ nttijJ-i \x a!1 ^jjji3all A^u^nJ-a lat a\ ^ n*i‘ill A_i^. j!i]l 

I J ^)^.1_^J1 A J fc A) j 3-a I3t a 11 


/? = /? () + — A/?[l-cos0] 
2 


(6.13) 


^ »*oll AajI^aII /?q ^ C^jjJAjJall A_lxallaixA L^J <Jj! 3^1 LS* 6 
cilL l^A^ Ajqq ill A a 11 A^gjIaaII l q x .r— 1**1 ^_^1 aJ3-*_a]1 AjLujj .Ajjl jldll A,\jS/IiM1 
jauj tl^jj£ a q\'‘i~N < G ^jjl^xiAll ^Ij^jja 4A3 Xg*J1 AjaujJVix a 11 AajIaaII l (> _^lil 

^ 3*-» 0>fc A A jaujJVi* a 11 ^LgjIaaII c fll xi’nSl ^jl .Ia^V lg_i3l^^. (jA 1 >.s-ix \ ^jjoalij 

A_^.^)^ Ale. Ia^j-£ 3^) J^a A-L^I 3 *^*^a ClbJaAjl ^a t^^jJalAll (j^)^l diljn* u*i Jajoiljl 

Aic. %40 il ^ Itn'i'i a a a-gjILg Ajjaij o^Aja tLilL^. LgI .^Ai^xJl 

^AAi 3^1^ 1 g nj 3*-‘° q J CoFe A ^>a A_jj_iL3aji_-G dlli3a 31 -a*J-uj 3 Ai^)*Jl 6^)1^)^. A_^.^jJ 
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A, Uxi ilVm a 11 Aa jLLaII jA A-illxll A, u>i o 1a jl ^-Cal jll jA j • ^j) *^a 1V I a UxiSl jA j j^a 
O^JJ-^ ^ ■a"^<a 1 j Aa£a A jqq'ill A jxxijlVia a 11 AajIIaII ^^.Ic. AajIHI Sj jlll (_jujjj cJ x >^ 

.A]l)Lax]| A-lxtuJalx a!1 Aa jHaII ^ 1 C. AajIHI Sj ^)lll 

(Zhao) jUjj (Munoz) jjjjAj Garsia jlc. (jia j*jJ 1999 >lc- ^j 

11a Ja^ jl ala .(Ballistic magnetoresistance) BMR 4 A_ial£ll ^UxaiLiLaII AajIIaII 

jjxxnl-i i» a j^j c jal jl 10 nm II Ajjj jA tla^, jjju-a (JjjIaj jj^. (J j*1a1I 


^L^^ll £_idajSllj (jmll 11 a jA CIjLujIaj £_ij-a j^AJ . jiHl jjjaja^. 

(jAj .Ai* L ya jc.1 AxJaaj la^ jjaa cilLj jjj ^Lull C5 ajj dii^. < (Electrodeposition) 

AajIIa ^lil Ia^C. ^ Jx>» jllI A jIaC. L_ fillll j^AJ cA_L-ajll A_A jIIa Ajal^A (JVL^. 

A jaV^H AjxxijJV^* a 11 AajIIaII Ca^Lx-aj ^x, u*al (_£^kl Ajjj^la Aajj . A nar a Aaj 5 A_L^ajll 
aSj cla^. I jjfLi cjl jH^ll oIa (JjxIaI j^AJ . jj*j^ jjSlxxil ^ Sj 'll SjaII jj-ajllj 

dllx-aj Igil I jllii ^^axill jl ^ji^. j ;%3000 CllL-aj AajIIaII ^3 Cal jjxj ^djdx-a^j 
j^Aj Ail (jialjial ^Jj caa&J ala Lgalja ca^.^)la ^jill cal jhxiqMI LaI !%100 000 ^1 
Ilia j a_1x^.j la^. jjpk (_jAjJa Domain wall ^ .* ajhi» A JL^a jla^. 

c jCii jl jIa jJO A_L^a jll ^^a^)la ^gic. jjSlxxill \*nxxijl-i ixa Cldl^ I lli . (JjjHaII Aj jj\j A_L-£ 3 j 
jix_iii cA_L^ajll ^>jc. > (jniVi aic.j . A lx*Ojil ^ jA<a^jlj (JL^-a jla^. jj^j 

(jl ^ . J 1 >a '1 _jl j)A ^tjLill j jdill ^glc. ^jllll JUill (jjA^ll aJojujI diLi I 


^x_uj 1 ia dlliA (j__$fLl L_fl jjuj VI J c^aJjdill jLdijl (J^laJ Aj^jIIa 1 ^. (JI>a \1 ^)ld^. 

(jl j i (JI^aII ^jl^. (__g-3 a )a I* a\ 1 ^ \^k a II oL^jVIa 1 g Ajjdj a^ jj djLij^jj^l^Ll ciia jll (jA 
# * 
l^jji ^j^)l Id^. ^Ia A-ia^all A luulaix a 11 AajIIaII (J jxIa (jl .A HxijJa^at a Aa jIIa (_£ I ^aHuj 

oIa (JLaxIIujI J^a 1 g W i. > ^lill JSUaII (jA (j^l . ^.xxnJa uaII (Jj^-uiill ^a S^l^all 

(J ^j*1a (jl dill e_flLjaJ .Aalij (__ 5 -lC' LaLaJ Ua jU>ia dj!)Lx-aj ^ u^> A \k f\ o_jAUall 

j ^*1 a1I 11a jj_jfLi ^^^^1 J 6 (JIax1jujVI (^a Sale. Ijjj^ c. x^aj Ajalall A j X xij J-a*ix a 11 AajIIaII 
Sac. Ajj^j j)A SaA (jA jll la^ l^q hxia jl cS^. 1^)111 ^a la^lo 

. cal juxill 

SjUaJI AjxxnJa lat a 11 AajIIaII l^_ia C).\x/ij aljAll jA ^jLxaII L QU^ill LaI 
l-jjAaII (Perovskite) CnK xx A jj^l c_kix-a j^_a (Colossal magnetoresistance) CMR 
jj£j jl c_uljjaiil j^Ajj . Jllal ja*A jA B j jali ^^jJajI jj-aic. jA A t AB0 3 
C5 -JajVI jj^iixil cal jl jl^A j^a ^jill Pb jl Sr jl Ca j! Ba j-® jj^alic. jA 
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.LaMn03 II <LujIjA 4 > u*n)V i iax>'l 4 ajIaa 1I Ji£l lW j *j«^JI 

& f 

Aj ja uiaiii_ A ll 4 a jILJI ^ Ic* jj (_£Ajj ^Jl ‘EllO SI L^ (j* t(_£^>dl CjL£^}a c*JUa j 

ClAjjl^-uiSjJJ ^Ic. Uj^J Ijj^^ J^llal tig jlc- J^IaSI ^A C. 

.iJUfoVi jaUaII 


£jl jj (J^joi ^^Jc. 4_iic. CjUala^-Ajj AjAja]I Aj'qaMlj aI^-^I gAA l Qj.^'n 

^jl^laljj t(J^I^*Jlj LaiS 4j^^Sa CIa^ jVnj ta^)l^)^JI 4^.^)A j L-uIjjaSI 

^-ii-Sl IaA 1 g jlc. eSjjjill t_d-ajjj .^SaLAsa 4_jAjA^.j 4jAjA^.j 4j3j^a 4_jjailiajAA 

U\l^\ jaUaII ^.jJa j Ajc. 4_djliSI Adj_jJ^3^n 4_nJI (J] t*dduJI AjqaMlj Ldaj 

Sa ^*JIj ^ x^iVi j tLiA Ju^lii]! tiiL L-d-aj J jUj . dul£jAa 4_nj 

.^^jJa^All lAA ^^3 \ >n>/T\ i Jj£l l_jj£ 


l^-i3 (JIaj ^1 (Manganites) dAdli*i<JI ^ <jJ ja CjU£ ja II j!£l J*J j 

%30 4jjj (j-® <3^JI t^jJaidiAll <jUjyi ciAjjIaa Aic. .B ^tadVI jAxa]| Mn j j* dll 

^AjaLllalxA 4 ajIaaj A-illc. Ojl J^. 4j^.jAj 4_illc. 4_iC. jj <LgjIaa jA jjla jl 

\ j a a) j J-i \x x> l_i£ja 1I ^J-VVn Sjlj^Jl 4 j^.jA jia 1 \\ .(2.13 (J^-dSI jlajlj Ia^. o jja ksi 

AlAjJ JA Ojlji. 4_^.jA 4 jjILg jl^.J • T c Sjlj^. 4^.jA AiC- 

tT c JA 4 a}j 3 7m &jl J^- *^ c ' l gdj 1 ^ ^Jj 4_iC. jill 4 a jULaSI 

tZ" w Aic-j • T c *»" ^ Vi 4 jAjA^. 4_jjAiliixA Lj Axa l_i£^)a]I ^r h^j j Vi 

^jialidjl ^)A d^A]| £-QJ 6 0 ^)Aa£ <2La ^JuljliU X>11 ^LojlLoll ^^3 

^jl A UxijJ^iat Ai\\ AajI^aII A a ^j^a .A Ux\\h)x ^11 Aa^LLa]! ^saSLiL 

<ajILo 1I" A-iAjaall Clul liA (j-Qj t Jh& l_jj!^)a cJj-aj (j^j o^j. u£ UJ^ 

AaIxj A u*i jlVia a\\ 4a jLiaII ^ \\ A x> ^jl a\ (. Sjujjjj Iaj . 4 UiijJV'ix a\\ 

.cdt 4^,^)^ (_^alidj! ^a IjIuI L_i£^)a1] LS^* 

U.J"^ A^.^ A ic. Lg_i3 6^)1^)^. 4 j^.^)A £JJj ^JaW C1jIj£^)a]I 4JL^ ^^3 j 

t sLujj^I c4j!a2I ^^3 . %20 — 10 (JL^aII ^jAjJa A Ui.) jJo'ix a\\ 4a_jI^<q\\ ^ A^JI 

^IajAVI i^}a 4aj (jl^ c djljjljxlAll ^^3 6_j\ \y\\ 4 a\\ 4ajIaa11 (Jj^Iaa 

,aA Asa 1 jti.aVll ^alj t(JjAa^J ^al (^Ha .4 , ) A A> j J- a \x x>\l L^JJ-J C5^ I^IaxJjoiIj 

djlil^JuJ ^^3 Ss.!^)ii]l J tiilll 4_baLiJ^ j )]l L_jLajojV 1 A^l j 
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Aa jIIa l _ i£^)a tj ? ! V j . 50 — 10 J 4 a !1 A^.^p ^liVn ^ j - sal^Vl 

djLoLoj«a cJ-i^3 ^ya dlljllj o^pjj La &1a ClA^^jJ Ale. ^)3jJ e^jLii. 4j^n]Via a 

. A \^k\W A Uu i)Via a\\ Aa^I^a!! jl AJl^Lax]! Aa^I^a!! dill 


3 - 


0.00020 
0.0001 8 
0.00016 
0 . 0001 4 
0.0001 2 
0.00010 
0.00008 
0.00006 
0.00004 
0.00002 
0.00000 


~— ^ — 

\ 


\ 




l 

■ \ - 


i \ 

f 

j 

/ 


I 

J . 

.... - 


100 200 300 

(k) » j' 


0 

- 0.1 

- 0.2 

- 0.3 


3 . 

J 

3 


- 0.9 


400 


i,. „ jU'i a " < L 4 jIaa }| ^Liuuj (jAutall w A jC .^111 4 _a jUL »11 a jj ^uij 2.13 jLuill 

. i _ jj*La tliil *«*«' SjljaJI AajJ ' U'tfjj JaiJij 


4 xuujaj * ^11 ^ 4-3 1 n -. \V 4 i . li ilaj * ^11 dlLa ^ LLa ]! ^ j-o JJ-.V I ^ aj]l Lai 

^^Ac. IjjjI CjIajIIaII ^ ja-> 1 .(Enormous magnetoresistance) EMR aIjI^SI 

^lc.j AjAi. 1^. 4 j^nJ-a'ia a ^a ^g_lc. aLI^JI AajULa]| (J^aIa .IaIaj V ilA^)^l 
j& U^l cl-jLiujI b^xl 1 ^'ijaAI IIAj ^ mjJVijt a AjL^JjujI A_ixAilaji_A]l 

AjL^j-ujI -A i a a j J^a i jg a 11 lg_i3 l . nViui'i oj^'uha &s.l^)3 (* ‘ u ^ 1.1^. (_ja <jl 

CjliLk L5 Jc. ‘(Barkhausen steps) ualM- oIaaaaII djljalll 

. (J jV 1 ^ULa]I ^3 \ j a a) a (j. All (j ^ a ^^3 a!£jola (Jaaj V l* 1]1 <jl ^ja . A^. jIIa 

AllJ^J Jj.W A ^ ^ij)Vl« a\1 (JA^-aII ^ kS1°^ 1 Aj\ VlAAlVl (jl ^A L_D-ui]lj 

^_k-a3Vi AW'nj A j j> aj J-a*i » a!1 AjI Vu^Vli . ^juulaixAll 


(JI~n a 11 ^3 t ^jj.i*s.a 11 ^3 (Jlatill ^Li£UI ^ 1c. .^^pll 11 a Aaaajj . ^-uajJaixAll 

CjISI djLjLiJI (jjp. Ci^^x-a a^ljj AjSI^a .10 GHz GHz a*-xJoj ^ 

^3 (JP"u*)a 11 ^^3 Lijp cAj^Jajoill Ail!i£jl Ajjaulalx a 11 


(J . ^j*i*\a 11 ^g. aaij J-> lag a! 1 ^13^)11 ^ ^j.W a djliLnl! (J^*a Aj3 Joa'i 
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. 4jL^Iaj ^gA JVill (H 3 .ll effect) C> (J^xLa (JLajLIujI ^A A Uu i)Vi» A1 A-a^ULAI 

t(jA ,*lg ~n \ jojj c ,*lg ~\ (JA £-a -Lalxli-a 4_i3 ^)-aj (JjJ-i Ujj^q c > 

4 '^.VlAi CAjj^AlVl (ji L_1 JjAI J . ^.jallAla Al (JiAJIj ^jAAl (j-G £-a AaL*J-Q 
eJAJI (j-o AjAII (Lorentz force) (jAjjA aj3 ^1 ^-^kj jLnll cAaAjA 

^.L-ajS Wn _jA la a ^3 (Jx^j j . ^gjauAAAl 

£ ^joij Jj Alj l^j\,W*i) ^£ljJ it— lljJaaJI ^Ic. CjA ^l^pj La^ic. j . L_lljJaAl 


(JAJI ^r U^ij tAjlgAI C5^J * (j, J-a ijg Xkl\ (JiAJI £-aj ^jAAt AaLxIa ^gjlj^A (JA, 

. — cE — — ev X B ^AaLaJ a j3 4_ic. AAAI a jAl ^^i-lj C* n^j Lj3 

£-aj jA^ JulxlLo V# = BI/t <_£ jAj (Ja ^)j£jj t / jAI] JjA ^gA 4-^-mll J 

^jl ^gA cAA (jc. ^iixAl aA^IAIj . i^_li»JaAl A£Lajuj ^^A t t,**n*\ ^nAa A1 (Ji^JI 

*90 ° <_£jAj E(r) ^ AAi ^jA^gAll JaAlj j(y) jAAl (jii Ja <Ajlj 

* 

Ai^. J 3 A ^glLa-a II lgj£ AJaA L_Anj <aA Ig_i3 a jjg Vi (J-axAij A! ^jVI 

^1 t|l 4_A^>AI i^JSAll L_ Anj <aAll ^gi .(3.13 (JAAl ^}Al) !>Aa L_iaAA 1^. 

tan t^g-^-jAJI ^^juAxAI (JAJI C 5 ic. .iAxj (Ja AjjI j $. ^uij ^gJ! t jq^ll <jc. c. A'iVi 

/# \ 

0 ^ 4 ^a x j tco c = eBlm* y '^jjjjKuAI ^jljll ^joll jA co c CLu^. t0 = co c x 

^3 ^1] t—uL^. I^j^A A A\^ ^‘ili aA£ ^^A m* j ^.LkjlujVI 

^A ^3 l_iA^ 1I ^jl ^gJj l^)iajj ,A ql^ll ^jJjola ^gic. l)^ (^J .^' 1 c<al^JI 

.L_iaHI J J-^ aJLalxH-a ^jl^o ^1 ^3 ^gjA^)^£ll U-3^ 4 L5 ^^° (J^A LujLujI 


t Jajlvs cJ^l 3 _jlA^^ 6 ^.x*n)Vl3tAl ^al ^xjl <1L^. ^ j 

1 V^lli lili .A-llslllI a^J^uJI t_lAil! <aialA ^C- 4_La (3^^J 

^-a 1 j\^.^ IaaLxILo ^^A^^ tiljj] A >jnj .90° aL^A j"\ Vi (Ja '^Jj tljjS 

(jV j£ J-^' Jj^ l 5 (ji jLuM u' t^A ^,“0^'* -° " 

j aA^A ^jl ^Jj I jlajj . A1 3 (jc. .U 6 AL^a^-AI ^^3 t ^g x>\l (JiAl 


jliAl .S W vA Aa jlLa <1L^. a^A ct_iAAI aAsAj Aj^lLa aAjouJ^ (J 3 IAI 

AAA. a J)jg Vi a^Aj t<lAA ClllAa a^C- ^gJj (Jj-aj ^jl ^ (_j-a a J)jg Vil ^UaijJVi* .all 

C > 1~sj (J 3 Al c. ’<lks-i') ^j| ^g^3 1_§J jJC. Al . I i_ya. i^-La ^r »>» ^x-a I AlAI >.” ij’s. ^_j-a A. ^)jAI 

C > l>'ij Aj jar x«Al aAj^A 1 g'n.aVi c_flA*ajl a^Aj .<A^AI ^Aj a3^^JI CS^A^ U^ 


.(^.jlall) (j^latTba ( 


Aajx.t 


olajl £A l^-oUtLo (jj^jaba jA ^ j j*lKj > 1)11 


(*) 
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(Molecular Beam A_djpJI A-aJpJL AjjjIJI Ajxmll C \\ /d JEoduiL SaI c. 1 ^"nx>'n 
jjl dll dtdj . Aqj* Ig'n^ld] ^ iu*n <c- 1 u^i'l (Jail! A^x^-dl Epitaxy) MBE 
S^Jg.'V.Ml ci*-^ i3j Id j t Jyil»,all (JiLdl ^3 o^IaLiLo OJ& A_a jlLall 

Ajjl^} J)lj^ iV i ^)3jJ (j! ^ <Uli.j . AjIvnII AlLdi ^3 (JjjuaLill LS - ^ 

L-fll x^i^l <^1] A^.Ldl d3^. (3-° .co c x = 1 (j] (_£^ c45° (_£jLd cJ^ 

.V^d-a ‘i^l QjfLa T 1 o^jaj^ A-ad £-a 1«^> A^^ Ad^)^. ( *— 



aAA <jj£aj . dblgJ jjji dlA AJjIa Aj^uiaj * 4 A_a jlLa S jj$ yll ^dixa ^luj 3.13 

. Aulfillll ddl ^jAjlaj Sf ^la- 4 AjjSj^ AJI jLd £-a ^Aialada) AJiU < dd Aid ^j- 4 S jj$ Vtll 


ujliulaii aJJxla 4 Jia 3 j 4 _td 4 ^ AjfcLaxll & y »jk*« A\ 4 _a jULAl 5 . 2.13 

Giant magnetoresistance in multilayered thin films 

AjLi3^) A_dc.l ^3 GMR A3^LaxJI A u« iJVut a \\ dajULall (J j^jlLq £ j ) 2 \ ^ »^»Vn*i i t A^juj 

£}j$^ dj^si S33*1 a]I dldla]l L-lia^jj <_jdaJ . \W £ya c.^-d t dlqjlill a Adda 

. ^-uadix-all (JdJI ^Idul (J^Lda A-aIIHaI! AjahjJVi* x> 11 dal 

Qj$^. **" Aj^mJVi* ^ _jj ic. A U^ili A <1 aAl A a£UI _jl_idlj iAIE ^Knj 

jjj L jJjj .U1L, J^Ull jjt (j nj ti nl-i'i* .» (j joiiL ui 1 Exchange coupling ^ 

(_£^Loij ^}jd (Jj-alill Ai^ ^3 A-ilsLlll JAjdSI Id ^3 JaJjai^ll 

Ata.^^ Co-Cu dli^ 3 A-ll^ -1-^-J (_>^ld]l ^JajmJ SUsucaII (Jj-alill Adi 3 A-^l-<ajuj 

La3ic. |3 j3joi ’dldax Aj^ijla'iar x> U-3"^ t(JH-a]l i^ C ' 6 (^ 1 1) oldj^l-J 

A^Lajuj dc. ojLddl Ajjaddx-ai] Adlj 6 j jl ^Jajj .8.5 A- (^Ldll a£Lxu_u ^jld 

• 20 A 


.AjAjAd! Aojadaii-al! Ig \c. n o jjl -\"\aW dl jA^I ^ dU Aic.lall ^ j3 
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£_l<CL2k C* ll UaJViae L tL_jll£ ^)A9_i l£ jfi c S*J± (J^* 

(Current <_£ ^Lai^ll .LoIx-g jLij 4 \\ e \ ^3 jIjj .4-pj.i^JI a.^ 1 .}^ 3 ' 1 * a\\ 

j^xij tCurrent-In-Plane CIP c£ ^ Perpendicular to Plane) CPP 

6 4-illTi/dl Co 11 CllliiLa ^^3 <jjaLlIaj*-Al] ^ Hxiill 4_i^.jiil Ixjj 4_a jliLall 

■ ^ J^nlaJ U^ 1 ) 

^ jLiJI 4 LLuu 4jfcL4*JI 4j.utjki* 4 11 *La jLLAI 1.5.2.13 

CIP -GMR 

(Jjia *CIP (_£j1uia 1I ^ jlnll <11^. 

Lnjoij J^-uJI <j-o (_£ jIuiaII ^ _jLnJI A \f\ iV's L_ijl^^. .1^.1 j ^3 (_£^ll oL^jV! 

^jj^LolaII LLxujjIa Aji3 (j-J-^2 tilli Lg-iS Aii^-Axll A jxxij)Vi» ,a\1 4_ajULa1I ^3 
3jlkj ."iVn^k . dllaJall a£La-uj (j-o I ^>^1 ^Uxxi'l j ^1x11 ^ j ^ (jjjjAll 

<_£ All oL^jVI l )^ 3 i_s^ 1-g-lliAjl e-l-iil ^3 > 0 n ^jl (jj*^ Lila-ujj diliila S^C- dili 

.* 

, nil (J^x-Q £-0 <JjujLiLq ^aJjJj slj3 (J£ lg_J ^-uij ^11 4_AjlL<JI (jj£j ^V\J^ J • jUxIa'1 ^ 

ajj^Lo Co/Cu AlfL (J£ ^3 ^g-lxujjll ojjxJI (J^x-Q 1 Uc.J .alia ^ (Jlxill 

<L£joall ^ AjJsI J (Ajjlc.) 4 jjj£ 1 ljl*\<a CLsLaJjidB l/l|J 1/lf 

■ Vnj*\ Aj-ujLiLq (R\) A^\^\ alia j (/?-[•) alia 4 _ajILg *jP 4jJ jIaII 

* 

^jLaia l£ 4j xxii ^>nj *1/T|J 1/T| j 

i 4_il£il 4 _aj)^^a\1 4_a jILo 

R(P )= — LJ ^ ( 7 . 

+R i 

a jjxjII ^jLujj < i 6 (^P) 4 Ij^xxi’i ^^3 Lol 

— SI dlliila L jj-aj ^ cr* f^J-^ (j 5 ^ 4 1 /2[l/x t +1 /tJ oUa JSS 

L_j!)lajlj jixiill l-jLixI a -njVi j b^A j . c <axfVsll ^ ^gJal ^jjij j tCo 

R(AP ) = 14 [R| + 4, j\^ll 4 _aj)]o‘sa 11 4_AjliLa ls^ lilis (Jijj 

IjjLula AP 4,1j^xxM 1 P <li£joili]l clh^ 4 -ojS _jjx »R^] 

:_S 




A R = R(AP)-R(P) = 


(fi,-«i) ! 

4 (/f,+^) 


( 8 . 13 ) 
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j (, 3 jxji 4 lAjujaj* .all ^jULa]! 

GMR = [R(AP)~ R(P)\/R(P) 

: — j thin limit Jjjii ^ -^31 -lie. 


GMR 


thin limit 


HR,-R l ) 2 

4 RfR^ 


(9.13) 


R(AP) - R(P) _ G(P) - G(AP) _ AG 
R(P) ~ G(AP) ~ G(AP) 


(10.13) 


j] .AP 4\£J£\\j P aIAJAW AJaUll j£]l ^ la* G(AP)j G(P) An*- 

a y iA\\ laLojj l Ajja. 3L<ix!LuLyU <-a<ALa S 1 4 « 

% 

4 ^11 <LojULa]I a^)Loij ^9 V <_5-^ CllLojlLoll (J^C- AG 

.GMR AiX^I 


4_i9 .l^JI ^-9 ^li "ci^ Ijll" ,w\\ LqI 

A 5= s 

A-lisLill (J-oljtj t tillAjuJl ^^9 . <iiLall A£La-uj ^j-o I >.s-i\ ^)^JI ^jLuiaII Ja-ui jJ-q 

^_flLiLaj-al 4_ILa. ^9 (_£j!iuia]1 ^^9 4_iMi £j±4 Jj^)3 tilLlA 1 g jj 

. GMR thiclimjt = 0 (j_& 111 ^ jljlallj jl jlall fjxll 


(j jIujaI I JubuJI jUlfl 4 JjLuu Ai^LAxil 4jiuijhi» oil <LajLL*JI 2.5.2.13 

CPP-GMR 

(j-Q (CPP) CIjIjjIuiaII ^ic. \jJ y&£. ^9^1a 1I jLnll 

jlnll (jl ^ vnj AaL*_a1I a\\^. .CIP ^jIiuiaII ^9^1a1I 

ajL<i]l Jj.1^. ^)AC- Clulj J)Gi ^Ac. . Clilj jIiuiaII XabtllAll dL^jVI cJ C 5^ c ' 

^gaj\ >/T\ 11 iu*n ^ jJa^i ^^Jc. A\*\ Ali o^lc* ^ lUa'n 

^jIjj l^ILaA AS^ ^^9 aJU. ^9 L)^ . dsLliiall 

Clllc.\ JaVll tilLiA C_J SjJJj fcliilH A 'NjVlj . CIjIj jIiuIaII oL^jVI l)^ 3 

c^jIluiaII aaL*_a 1I ^3 c^UidLJ! ^ j)a^i Aic. ^j£Lai]l ^^9 

CliLa^l jj q C. V‘i AjjI_uu£ -3^ LS^I L ^jVa^S^ 4i9l JJ 

. ^ A\"\ 
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Vn.1^ .6 jjku 4 _^JIxa i. lUVn lg_jV tdll.li£xi]l lillj Ll A (Ja£J t — S 
iJIaxLoiIj 4-LaljaUJ ^jLiujaII -1aIxa]I Aj-aLiJl AiLyLaxll A ) a a> j J^a i» x\ll ^LojlLoll ^_flj^aj 

4_nJI (j-^j cialkflall ^.a-n! dul£ lil cJIiIaII lW^ «Fert Valet dJli ^ i jaj 
^O^aj ^jAjJa C y* cs -3 ^LgjULa]! q\ 3 ^ l.i.n Vi 3*° t4_ijj3^Vl 

l J ^ 3o»‘i 4^p£JI <iui ^jjjLnll 


K = - A \ dz ^ z ) 


(11.13) 


AjC^ill ^LojlLoll ^A p Q (z) J (3^*^ ^gAc L£^ (3jJjuia1I Aj^Laa ^A A V 1.1^ 

Ijj^l clijl£ IAI lil .G Clalj ClAjjjjfll^U nil (J.1 xa £_a AjjuAVaII 4j1*\a'1 

<a jlLoll jU 4<L-£ali CllLiiLa lg‘l.1.1 N (_£jLaj Ia^C oJJlxJA ^dxAliajxA dAi±la 

; J ^g-Laxj 4-ijailIaixAll CliLllLal] L_flLiLaA-aVl Al\-^ 


R(P ) = 


R^Rj 

R ^ +R l 


(12.13) 


4_ijauIaixA]! <L-£ali]l dllilLai] 4 _i1^a]I 4_iC CIjIa jULaII Aj R g <jIj£ 3 ^^ J 

: t N J tp t p w j P Fj(T A^alaii^l' JJt J 


AR a = N[pF,otF+ pNtN\ (13.13) 


R(AP^= Va J ^jj^IxIaII L-fllilix-iaV 1 AJL^. ^3 <ajIaa]| ^ 3->a»‘i Vi 

*C5^) 


GMR(CPP)- 


i (^t v) 

4 


(14.13) 


4_ix*il]a4XA]l 4 ajI<La]I ^3 <aJja^A1 S^jjxaSI (JjcIAa V] (jVl J^JVn 

^3 T|J Tj a\\ Sj^xiSI ^^J-Ia (j-Q JjJC-UaJI .43^1ax1I 

A-iSLjaj 63 IXJ lilliAj .^^iijalllj 3 ^ 1 x 11 ^JJAJjJlill U^ll 3 . 11 . 1 C J-ill 3 ^AajULa ]1 
^JaxaJ cCoFe c. iJo3 3“° UJ3^] 1 a 1.1 tAqVi^^ll j| 3^ Clllj^'i 1x^11 Ale 
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I <^_jLolLg ^ (jUaiSI a_uj dulS liji .Cu SI j CoFe IS qaj C5 illLJI 

^U. ^^Ac- Aallall (J-^ .lie* ^IaIaIS jl ^a (JjIaa IgA aIL^. dl^Ja ~n 

djlaUaill qii (jal jilll (jl£ lij 4(_£^kl Ag_^. (jA . Aljg x*n ^<6 'a 1I (jj^pSAVI jlW-Jj 4 ^MaII 
jl’Wj IaAIc. l^-ill L_lA^liS (jj^jjfl£>U A^llo djVl^. dlliA (j^£j VI (_j£aaSI (j*a 4 1 n»i 
A^j (j^A^ 3a ^^a 11 a dAal3aill (jaljj ^.Ic. J jxAa ^ SVn j . ^^iSaSI 

AjaI^*jI (JIa'WI j c l^)jat kst ^^iilAlS ^jj^)j£jVS jjl^j (JIa'WI (J* Vi ^qMaSI .lie. (jj^jj£JVS 
a sI'i^a ^ja ^Ja-uj .lie. ^iijail! jdiS! j ^ ^IxSI ^jjdiSI ciaVl^- (jl ^S] l^laij . I^n^ Aic. 
(_^^J .ii^. djlaUai (jal^iS a^HaVI ^jAj dllj (jla 4 Ajjj^JI ajxxijJvixaSI jI jaSI ^k 

A 

AjjouIaii_A Aa jIIa (_£.ld ^ ^-aSI 4. > n^l jj IaI .(_£^kVI aliliSI j 4^Jjdill ^jliS 

JaWi ^1 ^jjdill alia ^ di^. djliUaj (jalji l&ja uj^ ^iSI dlli ^^^a AJl^IaC. 

^gia .(_^^kVI ^jjdill alia ^ ILja (jjfL (jUaill (jalji (jl (j^ ^ 4 L5 jL^£ 1I jliill ^3a» a 

4 JUIaSI (Jj u*i ^Ic. 4Co/Cu SI j)A Ac. j; u^iaSI Aa^LaxSI A Jui )3a l» aSI Aa jILJI djl_A^]aJA 

(jal jj j Ajjj^VI alia Uj^j ^ISa djliiUaj (jaljj .la^jj 4(111) aL^iVI ^k ^AiSI ^dAi 

^1 ^"AaSI (j^A^ (j c. ^.lill (_^jldijVI jixn'l (_^^jjj .A_JaVI alia djlaUaj 

(JaI J. 1 C. (jialiijl 4. u*n (Jal ^)\jj (_£ijjJ (_^ildj^)VI .nil (jV 4 Aa^I^aSI jljjj! 

^_lc. AAjlill ^^iiLJI djli ja£5 ^LaJI (J^xIaSI c_j\ xd^l (j^Aj . AAjJaiASI (_5-^S aw ;;,SI 

r a 4^aJjdlll ^lc- ^ajaj ''Sa CIjIajIIa AiLjalj l^^aj A_ 1 J JJJ^SVI A_mll (jc. ^.lill ^aJjdill 

: lAJ -a J] 

Ai? G = MPf, a tp + p^ tN +2r 0 ] (15.13) 

^aJ jdi (JaIc. aSV ^^SaSI Aa jILq (jC. 4 J jg » aSI dj^)3 — CllSla ^ 3 ^Aj ( 5 ^ J 

JaIc. 4CoFe-Cu — SI ciilAjJaiA 4^)11^ . r +(J = r () [l + y] — S Uaj y jialiiAV 

A aSI AajIaaSI (J^xSa ^3 Ja^^-lA 4 0.7 I^A ^)3al 'nA^lSI ^aJjdiSI 

.AaXoxJI 


4_J^lij| o^pxj (J^xSa (jAjJajj V liA Adaj^)XASI A-la ; iuuSI ^’^L<uSI (jl ia^Vlj I^Wl 

(j^AAll j)A J .O^jlaSl (jjjlnll ^ j^AJ (jA (Jx^Jj ^aJjdiSl (_ 5 ^li^ L^^SI f^J^I 


.liA dll^ ^ (jia (jS l.V^S 4^aJjdlSI L_l^lajl aji*-J (jAjJalil dj^3 — Clllli ^aj Axja jj 
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Read heads and MRAM 


Spin valve read heads 


Aua Jaw,*!! 8 Sf) jilt lHJJJ 3.13 


^L»^a iiilj o^jjj 1.3.13 


^3 .J^A^l ^-11^ cAL/LaxII A-ixoulnlx a 11 AajULaII d Uujl cIIjLuj La] Uis j 

L^IaxJjoiV A_ali£ A-ujlta^k cdalliLall o JAxlLoll CIjLqj)^ ' a a 11 ^^3 CIP (_£j!iuia] 1 
(jl fi^j£a]l_j . Aii a LS^’ ^LajULa]! dlLa (JaxJjoiJ ^t»Ja x.ro‘l ^A ^J^dll ^al At/a ^ 

AjjIj A i.un3VaxA dlti Aliia J *«*■> ^ aJ J- a lat a C > n^'ini'i 6^.1 j AAiLa tilliA (j_j£j 

A. ijaiLuj^/l A_m]lj .AjAj^JI Aj^ijJ-Vaat a 11 daliila]! LajS (j^ll (j^Iqj (jlj cl_ar_^^}A (Jaxj 
. dulj oLdjlj lg"nui)hi»A A^jj (R) Ajar Al±La dlliA V jl .AJllill ^A q jjg. V'lll 
^A Adlj Ajddi. AjmjiViat a A *4 i3-a Ig jl'a j t(ajlc. Cll) Ad.l*_A Aix-ali AaJa Ia^xj ^jIjj 
^ ^ mjJVaar a (JidJ Aj\ Vu J A^^^Jl S^idVl Ai±Lall o^Aj .(F) Ai^Iall 

jjVo; Jail l£ U-J^ dlliA (jjfLi VI a^j c A jjojLoi^JI SjLj^j Aduj *l£ J u * i<Q ^ 

i dal Qja Wall o^A ^i3 . AjC.1 u^ill dalAliLdll ^9 o^lc. A^jola d Uajl o^Aj .Ajar - n^aII j o^)^Jl 

* 

Ajal£ 3j f, -s 4ajl-.l l 1 - .1 jSjI laaj ^JjW Sputtering ijjjjll qjjjjjoU <".la.l-.ll ( _ s lajj 

f e * * 

Ala^Wll Ajjjoidll c > lUii’i C(_£^)dl Ag_^. qa . 1 x^jWa daLliWll (j^j (j^ll (j^ajllll 

(j£ (Ne'el orange peel) JL & jt $ j-^ £)J*t ^ dal^^Aj jl cAa. jA\ 

l^u^ UJ* 1 ' V' S^jj^jda ^gJj oLiljVl i~nj lilj c A j^ijJo'iar a \\ dal 

.(JjjLg jjc. 

s f o > 

• Vjl "c>J^ AlJa Jr 1 • AJllill Ajqalall A_mllj ^Laj^s c. i)>/i"ij 

Aa±La (Jja ^_jia^)x]lj oLda! (J^a LS - ^" ^ J.ij)^ Ada Sjl C. daLliLall ^^3 ^j^£lia 

ajlc. (Ill) grjdi) ^j^o^ill dal ja! jA o_jdl! 

^jLaiJ A m*\ ^>~n ~v ^Joat'a AxjLoi S^)d Al±La ^A Ta ^lj .(^dll oLdal (J^a CT^" 

c*’ ^Aar'dil AjjVl ls^J SLaIaII dalliLall ^3 dal ^j!iA^jLl]l dal^jdc. £-daj 

^-a AaIxIIa aLdjlj ^Lj^ll (JU1 . ^>^1 dal ja!i NiFeCr aJoJ^JI 

* 

.^aJjjLlll tiK ^ AjC. ^ill Aa jILgII ^-dj 6J4* J dil JJJ^'l J jJa. L_DjoiJj i daLin^Jl 
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(j^aqVi ajjJdll jc. aIsjjoia a ji*j ^\ jV l^-j3 l_jjC.^)-g ^£1 ^lill dal n \~s.W jj£j 111 
^Jjdll dLol < cu*oj Aij^)X_A]| A_ijaiLaiVI A_mll LS^J .AS^-ax-II Aj^nlVax a\\ A-gjULa]I a^Luj] 
j-o j 66jLja-Q a unjlVax a a_iMI Alfkll jj£j ^(Bottom Spin Valves) BSV Ajc-lall 

jl 1*^1 J-a lIILIA tJaljoull aJjJull ^aL<u-a ^3^ »PtMn II NiO 11 1-$111 iaI 

Adla j^S Ajjjj^-g CoFe A 1-ajlA. jpi Ajx Aq \h ^JjVI 4 )Vqa jljj.la.1^. jl'n^nJ-a'ax ^ 
jA a-LLaC- Ajlg_ill ^3j 4a^)^ll A q^J-all j cCll (Jj-alill (^gjlj 4ajlc- 6 ^LJolaII Aj^nlVax a\\ 

jl CoFe A.J-ijl^ll j^ ajlc. a^)^JI Aiilall j^£jjj . 6 JJaIaII dA^iLall A ^ a^j Ta H 

(Top Adll ^jj.ij ^uj.iLj.iVI A_mll l-°l j *CoFe/NiFe a^.j.} jAll AlJall 

* % 

Ai±L 1 g x mj 46jiJI Aa±L ^Ic. Vjl Sj^JI Alfkll A_i3 ^$111 tSpin Valve) TSV 

. frlJ-ia II Aa±Laj 46 jlx^a^ll AjAj^JI A T ijoLiIal*_A]l A_liLa3 4 A jx -n^aII A_iiLall ^aJ 4Cll (Jj-alill 

al_dl (." nfn S^LiJaa]! AjAj^JI AjahjJ-i ax aII dll Ai±Lall jA ^ia^xllj 

4(_£.la.l^JI ^j*n)Vax a 11 £jJad 4^a ^ax_1I A^.j ^gic.j . Ajx ~n^)a] 1 AliLall ^^3 AjjouJalx aII 

^^-unialxA (Ja^. ^3 Ljl j^. 1 j.1x_j ^jAIaIIj a j ksia Aj.la.1^. A-ixAidaiAA AiLlLa ^jJa^all 
(JiL^J! 11 a ^AxjiJ . jdlill cIjjI ^ jjJaAll (JiLiJI al_d\j Jlx3 <dL^a (JiL^. ^1 4^g_^.^jld 
jljal jViun Jjlilll jlidVI JjxiA a-taj^s jl .(Pinning field) C uiuil Jlxill 

. LlA Ig (jiald jl j 4 ^j-ald (Jj.*o3 

ajLdA a^)^JI Ai^Jall j^£j jl *> t 4(jl£-oVI A j)n^k AjI Vuxil jj'qVi Ajxjj 

4_flLjaj .A^jUJI (Jjq^kll 4 t )\ JC. AlU. ^ A jx 'n^aII Aliiall aL^jlj 1 j^nJV^x a 

.Ajoj^^c. L^IajI Vuxil (j^^j jl j I^)3 j-uia a jjg Vi II L ^ ^ ^1 <^1 ^11 

jlj^k ‘iVI A ‘i jl (j^-^J jJC- 1 >J> 4. t ^ UjT'i ‘Lujj^C.jUl A jx*ij)^'ix x>\l 

A_a±lai] A-ci^llLa A-aj|j Jajlx-o ajlc. ^ ix.^ll jlj^k'iVI jq^'nj .Ljajl 

a^)^JI AliLall Aj3 l_j^c.^a]I jlj^k “ iVI dL^jIj 1 g'n^nl^'^x ^ aL^jl j^^J jl *^_>^l 
Ji^JI j 4 "LojUI Jajlx-<dl jc. ^cjlill l^j^I C5 -uuiaix-<dl (Jl^JI j . (Cross-track ^ \W >Au| 
4C_fll^^J! (J^la ^ Alllall A T ijaulajx-Q (Jx ~sl C^l^l Aiaix_Ail (Jjjxdl 

_jJC. Aj^jq^fO A^ul ^^Illl tillj j-o l^i*l i-_lx_k-£al a jjg >"i'l ^ '^^>^1 AifLall Aj\ Vn^il jjlx_^j 
JajojjlA (J!>L^. j-o ^Jj^lll ^aLoj^a jc. ^))x‘^ a J ^^11 A^,^)J LqI .a jl^-Lo 

djLaLoj-a . (_^ila-a]l (Jl^JI aL^-jlj ^LxujVI ^11 Aj-uiillj A )ui j)^‘ix xill 

.%25-20 a*1U]I 
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C-LkxJl All la 



fLema CjliJa] ^j-uajC- ^JaLa 4.13 jLuill 

dlUlalj (Jaaj 4 j^nlVia xt\l Clililla j s-UaxlIj S^jilll ^jli tjfcfl Lal3 j 

^<q ili] .CoFe/Cu 4 loai \W CliLliSall £jC* ^1] 

£-IUall (jjati. L)^J •U^ -q V^ ,J*^ o^J* x.^-a Ajjaiijjuili]| CjlilaUll oIa (jl A_i3 l_JjC.^a]1 

11 J ClAiilaj ^PtMn O -0 AxjLoi]| &jLja-a]l A u*i ))^ \x a\\ ^j\ 

* 

jj-aij V j |iXl-cm !1 ciAl* a* AJ jj Ajc . ji diLojlLai l ^AV‘i cTa II <j-o ^u/i"i 

•'j^ J^' 

Aillall (J? jfi O^S-uj ^-uLllaix-Q ijjfi ‘'ll ^aJj-iill ^al aksi ^3 

dll (jc. ^*n (Edge effects) ^ ^Ail^. J^c-lL* ^1 AibJa] Ai±Ulj 

V A\x Aiilall (j! t^il j ^Jl L_flL>Jai . djlliSall ^j±i Lai3 a! jIaIaII Ai^Laill A \x .all 

^palik j ^.ic. (JJ^A L) -0 cJ^ j • l-o -1^. ^_g-S] (Ji^-11 C_ nVuu’l 

<a±Lall Au>.\\l~x\x a l_£i (jLjaikj La^jV AiL)La*_II Au>.\\h\x .all ^jULdl 

A-bu^lalx-all jj ^aJjJdll ^Lqj-£3 j »A\x AilLall ciili Aljjiilll 

J) ‘-i^j jA (Synthetic antiferromagnetic) SAF 10 4 j» u^l l SjLjslaII 


Ajilalo jjl . 1 <ag nj <L-alill 1 j^J! (J jla of'JA)} Q^ c 'J A y A (JJJ ^-EI n<a\l ds!jjjti]l ^ ^ 

(J^stLa C S t ^“n A ~s dAjjJLo ^1 <sl_iJaj J)-o> «a^l (JJJ 4^^jjaba d)ljy^-Q i^ c ' iSj^ 2 ^ 

.^^^^1a]|) tdlj i^ya jUj ollc- MiLaJI 
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Aja j\^a 11 ^jJJiLJall tj±i ^j^Loill ^j^iill J A J* 'S^aII A_iiLall AjI Vuxil (J£ 

Clllj t^'nu A3±la 4^£^kl A j*xij)Via a AAiLa AiLjaj ^A liA AjjujLujVI c^j^llj .6^)^J1 j 
Ja*j Ynj^ . A-ix^^a!! A_iiLallj 1.1^. (_^j3 ojLjJa-o A jxxijJVia a (j jfi £_a dulj A A'la a &L^j1 
q±i Aila_A A q\^k cs - ^ (jj'Vq^All (J£u1a] 1 ^_uulaia_A]l (Jii^Jl 

dllj ^Jl c_flLjaJ .S_^^J1 A_iiLallj ^j^Loill ^ xxijA'ia a 11 (j^jiill l^jJJ^ Q^\) ^ l^Aj i uS 

3^^-j SAjJoa A jxxij jVia a til^Lai Lxa rf£L* Aja^^a!! j Aim-all ^j'Y^i All <jl 

AjI Vu J Aja j^^aII AliLali <jl j3 lL II j j Aaj 3 djlj A_iiajuj j AjI VuJ 

•</> 

6 jLja-all A jxxijA la a 11 (_£ 3 ^aJ j3j11 ^Lg-l-^I ^jujLujV 1 ^JAj-alill 4.13 (J^joiII (_£ ^)J 
^ * 

A_iiLall dujj o x>»a A_ijunlaix_4 aLlLs 1 gjl'i 46 3jg a a!1 6_j3j]1 AAiLa L*]liA Vjt .SAF Aja u^oll 

<_ja 1.1^. A3j 3^) A '^lA AjjIgII A3jA]1 3xj ^jljj .^Jjljj]! J)l J~^'iVl (J^x-Lg A_Ajoi1 jl Ajj!ia]1 

^j^j3 ^jjB jj Ajj^aLkj ^»jjjjj ijjll v. ,( lt/i"n . Aja -s^aII J AjjIaII (jjJ3±A]l (Jjj <Jj-a3J ^jjjjjj^)11 

Aj» -n^aII j ajjIaII ^j'V^iAll 1 erg/cm 11 Ajjj <ja l*i?> <_£jS 6 jLj^g a jxxnA'ia a 

^aJ tfijlc. ^jaiL^j ijj-ali A ja j^^aII A_iiAll *8 A ^jj*lj lj^)Il A^Lgjoj LgAIc. 

. S-LAxllj 6^)^J1 A_iiAll 

1 Uxi lA la a 1 iu ^ a 1 a jx>x.>o“i JIoj A ja u^ill o JiLjn-cJl A UxnJVia a\\ ^Lgj^s ^jl 

A_aj1aa c^jLujI A_i3 (jl 4.^ ^ ) AjI A_1aj (J^l 4 JaJjoLiIl ^aJj-iill Aj^ILg 

AAllall ^jl L_liud]l^ .JaJ-uiill ^l-G-L-a ^3 4^i]j ^j-g (J^l A^^LgC- A, 'la.Q 

c_fll_iJaJ . ^jl^l (jl ^Lj^lll (Jilll \j J j A iuj ^jll^iLa LxA Ru ^ AAiLa j A'm^ll 

(jlj u^n l^lj 4 (_ > )jj£IxI1a] 1 ^ Jl jA\ Aij^joij ^^3 LgjIj LgA Aux^^aIIj AjjILgII ^jjVq jlill ^jl tiilj 
.6^)^JIj Aja ~n^g] 1 (_jJJiLla]| ^^3 A_i^.j!i]| 1 -a^-q A_i3L>Jaj ^LgjILg 

^^1 jjll ALiJL ^3 cjlj^ll ^j-G ^>^1 Aj_j1 jIaII aLS^JI ^^3 A-g jULgII ^1 ciilj 

A ~>jVi 4A3 ^LgxJ 1 A j^nA'^a a\1 A-gjIaaII Aaj 3 ^^3 ^)-a3ljj (J ^(^H^IjlIaII 
^3 LaI .G(AP) (j^Uloll (_^_)lj^l A xxn ^^3 aJbUII 31j3^Ij AG il 

Ajxxij A'^a A djlj ^Jj3j]I CIjLaI ax^i ^^3 AS^LaxII A jxxijJn^a a 11 ^LgjIaaII S^jLujI ^jj£j 3 4^31^11 
^3 L—iAjoill ^j-g (Ih^J • A, Ajxxi^ll ^Jj3!i]l lIjIaIax^ ^3 Lg-iA (_ 3 -ic-l Aja u^ill 631 x>ia\1 

3ic. a_aj ^jl . (CoFe jl) Co SIj tilii] AjjaulL Ru U A_ijj^j^lVl 4_4Jl 

f_gi iAjJj£^\ 'ilia ^ ((111) g-.Hu'ill) LiijS Ulii^ Cjlilkj jaljj CoFe/Cu — !l 

Aic- Jj^aLaJI jjxiill ■ mjj .aJsVI oLis ^ ciiliUaj (jal jj ^ac. lilljA J (jy^ 
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^Ji a Si ^LqjHaII (JjjlLq ^3 t^Jj.Hli ^Ic. ^Jilij t^^bSi 

<j ^ j^j Laj AjjILo Ajjj£^/I sUS aJsIj Jj AjjaIIIj aJs^/I Sli£ ajIsU ^ (j^aji^lili ^j - 0 

dilaUajll ^i jj j Jjal jj (J^lili CoFe/Ru .lie. j . 0 ^. j ^u^Si j\* t n'i 

e 12 •* 

^i O^jl^li (_£jJ^Vi ^aJj^lll CllljjjjfllJ (JLcJ»J l bg J»°l JA 

jic. ^JaVi ciiljjjjiSJ bJlc. Vlzi^.1 j! (jja. ^ cCoFe CoFe/Ru 

^ic- 4_AjHSi SjiixJi jli iil .<c.^joij jjxjjj 7 n«\ AjjIaII CoFe Si <a±Saj Ru Si *aib 

^jAAJjlili aJsUSI ^)Jallj jj ^gic. Ljaji (Ja*J CoFe/Ru ^fiHi -lie- ^aJjJjll 

.AS^IaxSI A T ijouiaji_ASi A-ojlLoSi i^A j t^isVij i 




J EL 1 

— 

■ 

/ 

7 



SflK^KnBi 

1 

1 

z 

_K. 

( 

1 \ 
■ 



1 > 


1 > 

PM 

) 

1 

a 

- 


\S 

PM 

/ 


^Ia*^ <ja (JJ^a ^jlS (JjjI j ^2 t 4-LuuiflJX ,4 iliULJaj ^^uXa ( a-ujj 5.13 (JLuJI 

4j« >j^Si c(FL) d jaJi AjftJall ^ jUaJVi lajU 4 clAAtajj 4 a 9 c^jIj qmj 3^ jx a \ 

.^jSUiSi dl^HVi jA Z dtauVi j i dtauVI jA X dL^j^Ti .(PL) AjjjaII AjJali j ;(RL) 

pjj£il\ ^bu^a ^ Jjj^ali jjIj CjIjWu 23.13 

Spin valve transfer curves 

t^Llij-a J)lj^'il (_£ jj ^UAj-alili .li^, ^Lnua > (jVi *1 L_fl jjuj 

iji . ^iV^Sali oL^jVb ^aL<u-aSi ^aLoi ^joLlSaixAli ^j^iJi Jajoi j A >jV^ -ll jJJ (_£,lli 

cJax*j^Si ^jJjoiaS Ajji^-o S^^-Si 4-^fSaSi 4_ijaulaixA Cl±jl£ 4 1 ~sj^. ks\ ^aJjJllSi ^aLoj-a J)1 j^k *ii 
5.13 .A-ilc. ^'nbli <iilalij A \x ~>^)ASi <iiLaSi A j a u ) J-a*-\at x> dul£ j 

^aLoA-a ^1C- dulj ^)bj ^^yLu oj)\->!AA\ > ^jxuxiVl (Jj«a^J . 0 J)j^ Vi Si o^J 1 >uu^. 

(Jl^Ji Ajji ^aj AjjaillAli jLi^JVi A bq'i AWTij .4_i2^)ia ^Ic. ^-bJi >Si ^LiSj 
(jjj bu3 Aj£l_uiSi 4 lat a Si ^a Vitl ^)S_nli qC- ^^.bSi Ajjaulaiit ASi CliLliSaSi 

. dal q^JaSi tilL ^9 o^jj^ASi CllLlilaSi (j±l A_iS^liiSi (J^liAlij 1 g lAx^i j CljLlllaSi 
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V 4<iiLall ^g3 4_ix*iiIalx-G 4_^Laill A j j> ai j 3-a \k .all C1 jI^)JjIj jt/iVi 

lilj .Ja^a £ j X ^ **n jVi* a\\ (JiiaJI V] 4-iiLall c.^ nVu*n 

Jllj Aj^jULg 4_Ai£ LjaJ ^C- x j.i j J-a *i» x>ll (Jj^-ujlill Joaxij ^gic. (Jj'VxaMl 

Lg I^Aj 4 l*11uia]| £^g 4_i]l <j£^)-g (JLaA| 1 iVsJ cciiLuiAll ^^3 I^£^g!1g £_£^)lii]| 


z £-g (Jj t<joijl Vix> A_il jaLullI cIluuIj . l_i& a \» q'i l_ajjuj 

(J!)L^-xijJal ^g3 A q\~N j ^LgI ^aII >. c > lUti’nj j ^»3c. a1\^. ^g3 

-LgIIju j . ^Jj \£ A ) a x> j J^a \x .oil AJLiudll c_j^)jujj ^ 1 u*n A^- 4_3 (JiLaJI 

^gic. j 4 (J )*N jgnll Ja_uJj 4 Jxj.ijlVia a ^gic. 1 3a. 3nj^ IaI^_)J 4j\» §\\ (JiLaJI 6«lul 

L_balljjjj 4 L-il^^ll J L-j\,'N-*k\l ^JAJ A 431_ioLa]|^ 4 llul 43 Lo1a]I 

AiLui-Gj £_£^jliii] 4_lLa, »t Aj£Lg-uj j M r Jajoi ^11 A h*i ))Vi» a £.l.la. £-g S^joiIa-g 

(J*q A )a o^jujLi<g £_£^)Ui]l ^j^<g 1 i-la-uj^ll j (JAJ ^ 

3^a.j ^»3C. 3ic> Ai^Luill (J-Gxll A lo^'l Aic. 3£aJI ^gjj IjjjuiLg £_£^)Ui]l ^^)a. ^ Wu 

^pijlV'i.G (Jiia. J^nlaj ^j£-gj • -^ajuj^llj ^j-alaJI M r t £ 1 3aJl 3 j ^-La-uj^il 

^-lijjl cJ^ 3 ^ ^LgIV'ijj . Vi^g J-iAAij (JLa*Jjujl ^jc. Lja^C. 

• (3.^*0^ 63juj AJV-lJ 3.g_5k ^ Wlxt ^joj_j (J^-^ ^-g j 


JS^JI <SL^. ^gi . Jtlll (J£joJIj ^>Jj3!ill ^Lgj^s £j\j ^K'u l '^/i"n 

a^jLoiVi ^ (_^jLuUj 4 ^jjjA-GljtlLG A \x j j Vyu-ij <q 

(Jl^J (jVl 1 j .Aj^Loill (J-g*JI A J^q*i ^gJl <Jjoi1]Ij 4l^)ij-a 

A . iklG ^gJI jlill Lg] 4Z CT^ LS-^*^ 

L5^ (jljj«^ J^J^J *C5-^J^ lS^> ‘ (j /u * i^ IxIIg l^_i3^)]a ^^ic. 

(jjj Ajjl^ll ^j-aSllj £-^J •( - 5^ C ’ V ^^ 0 AjjI^J ^jj3j ^gllll <i±Ia]l 4 a 

^glc- ^lLaA]l *n 11 ( j-a3l_UJj 4 <-gjILg 1I ^j-aaLlL 4^ ~s^g] 1 j ^glnxALiJaji-G 

4_iila]l A jj.xnJ-1 lar x> 4o^)j» (JjiaJl 4_1L^. .S^LuiVl > J £_£^)Ui]l 

*<j^l_ ui ]| A i ^gJ| A , Utl iL A^jULoll 4 1^) x^l 


/? = /?(>-+- 


A R 


[1 — cos(tt/2 — 0)] 


A R 

Rh + — [1 -0] 

2 '(16.13) 
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• ((-3.^^ (J£aJI SAjoi jl M r t l ajlaJ ^,3^ £jlj 4 _}\j £jIj ^ c. ^n"n 

4jj 1 j ^u/i"i LoAic. I g_l jjc. UjIj ajUiyi .lg-2k ca c>aIj j LaxjIj I a] jj 

jAAj oAj^o SjIj^I qJj LgA^c-j .sin 0-0 Anj^ ^-ilaluij Vj jjljjAll 

fi^jLujVl Ag 1 LijA 4_aj3 £-g i4j» ^^<21 <liLai] 4 j^1^-q AjI^_ 1]I ^3 o^)aJI 4-iiLali ^ u^'i tL_fll£ 

(jJjAll ^3 a $.aj J] Ajl^-lll SJjVI SAljj l) -0 Ajj^ll (_£Ajjj -IVLI 

i4‘i n^all j 4 j* (jjJiLlla]l j Jj (_£a 3I (JlxAll (JiiaJl jpa l£ 6 jljVI (Jiia. ^ u^nj LoAiC. 

.^^aJI a^Loij ^^3 lj\^ hj V t^A (j£3 
t Z elajVI ^^g-3 g^)Ij] 1 j 4_i£Laill (J-g*J1 A lo^’i (j-a l*13a jj-o Vaj UiUajl IaIj 
LiixkV gr, h**ij\ JaliJlj Ia±Jj C6j\jV 1 £-<* LJa^, oj\J£)}\ A^a. AlAjj cAjIaJI J .0 CljAlAj! 

Ag_ 2 >. £-o Aisl^lo ^ \ Aa. Jj 0 (Jj-aj lA m x> A Jo Vi Aic-j .0 \ 4_i3 LjaVI SaIjJI £-g 

4_ix^.^J 1 <iiLaJI s-Aj Jj oJjVI SaUj j^-a Ajj-aJl (_£Ajjj . V+ (_£jLujJ (^aJaC-l djjuij 
IjxjIj IaIj .d JjjjVI Ag ~n ^iaaljjjj 0 ciilA ^ai^-i3 Ja. alajl (JJa (Jc* (jJj^J^ 

CllL-ajj 4 0^)aJI <liLail 4jjl ^ 4jl-g-iJl 4j* ~s^Jl 4_ilLaJl (.** 1^ U*ol fiAljj 

. I^jIj jlulA ^Al J) SJj^VI 

4_iJaaJl 4'qJo \a\\ ^3 ^ j*s t.si\\ jl j*s ,'\^\ jAj Aj~n 11 ^JjAilll ^Ldx-sa (J-g*I1ujJ 

a x>jq\l ciul£ a\\^. ^3 0 < 0 ciul^ IaI .iais (Jjj*yM1 Li> l y* 

AjAjoj ^^)li]| ^jj (J^j c^JiDa-a]! 1-fjAll A (^a Ag ~sl {£ 

4_i^. ^-<^1 (_£ jj-aall A Clljl^ ( ^j a1\ ^^3 0 > 0 Clljl£ I Aj t (JjILgII i^J • l 

^—Lk-ajj j . J)1 J-w 'iV I c. <ijx x>a ^ ^)Ui]! ^jj (JIaj j c AlUaxill Lij All 4 _xu^]I ^)3t x^il ^ ^>aJl Ag ~n! 

iJjjaall CllLna-La 'n j ,A_ Jai _jjC. dalj Wui <ii*_jJall j oAjAjoJI 

a1\ 4^-gjIa Jajlit-G oA]jJ ^All lAa. L_flJXjJall J)1 'iVl (J^. (jC. 

(jl ^Jj l^)iajj .AulLoilIj o^)LaiVl Aj^^. Ajc. ^ )r\ (JjjVill ^ Wi^ \-£L& 

(j^£j c^Ajj A-JaaJl ^aAc. jjls c4_ila^. o jUil ^-llkij 6 jl^Vl ^1 jIa 

AC. ^gjj (_^ A jj i^-kxj-tfal (_5-^l jlj^k *lV 1 . ^Jak^Ul Aj^joliII ^^-AjoiJ 

(jjj A3^lxJl JIgj j . (JjjV^i ^’ia ^3 <^jjLg Cjlik (^]j ^)1^)3 jjuj1 

C > t^)iu-al ^^)l^]l (Ja ~sj LgA^C. AS ^ i\ l3jLo AjjujIxj.i^11 j ^Jak^Ul Aj^jojj]| 0 T ia-jJa 

^Jl jl ^la-Ja aJ jj Jl LgjIa A-IujI^i^. 11 aAljj ^Ajjj .A^LaiaJI fiAljj 

. ^ajjai-G l_$ ^)l3 
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SjLJj Md ljLui^a jJu^j 3.3.13 

Scaling and extendability of spin value sensors 

: J jliijlj jlaia ^ (J1 3a^ ^Jaxj 

( 17 . 13 ) 


AV = I,R s ~n 


/t /? 


<ajLLa]I R$ J i (J*i_>a\1 LaA h j W j c J)lj"x ^)Ijj ^A Ifj C n^k 

^A T| ^ t 4_apall^ A UaijLi i* a\\ <LajLLa]I A R/R j tdlLipall A A )*\ \\ 

£_a 4d\j ojLujVI A . luij C.LLVI 4 _ixjj . o J)jg Vi\l ^-unladt-dl 

o^Loij Ag_2k ^JLj (jl ^ i~sj Lij (j^. a^LolaII <ilj£ll jIj^I 

^11^. £_ujjJ (jl (j^AJ ^aJjd^ ^Laj^s (JIajCIujI (jl La ja£- ,^aj j Idlj £_£^)Li]! 

(jlLJ (jA La (jVl ^jj^Llj c_fl^jaij .100-150 Gbit/iiT lSj ^ ^ 

. ^ ^ Oiii 

j 51 .%20 j)^\ 1J b A A UalJ-nl* A 11 *La jLLa]I 4_ludj ^jl J.IAJ t V jl 

CjLiiJA^j]l dllj d iq W* 1 ! j jVI CjLa\,ax^» ^1a oAA ^ Clal n^iV'i 

Cli jl ^aII dj ^ja dj\ n^i Vill ^jdia ) d_ul j . jj^LaII <LLa J cJ-d^aj 

djl jVq'i <_ja 1 g d» i j . (JjJaal o jLdaA 4 jx^ijLa'ijt a jI^aj CllLiiLa ^Jl 

^3 (JjJaSl ^SVij o^)^. dAipaj ^yuL^J CllLiiLa ^d-a ^ja C )] < \ a ^lill 4^JLx_a1! 

Jjjdlj . JjJaal djWdL ;ClA^Li£UI j (Magnetostriction) ^aOVi* a\1 jL^Vi'1 

(Specular AjjI^aII ciildLall L^_1 a dAc-ljodl (J^Ll ^ja Ldajl *>“ \\ \u^'\ <" m Vi 

J JUI dj\j jj^J V <Liall Aj.^uxiSI d ^a j ^layers) 

^Uaxllj ^^MaII |jjj 4 k\h\\ odlc. Vi (Jj t .'ijxj.iSL/l 

^pjlSx/iVi Vj ^ja Ljj^)3 ‘iV 1 LaC-Lj (_$x 1 x^^\ 

AajIaa ^ ^diJ V 4 ^^\aH ^Jajoi] ^^IuiaII ^3 ^adj)]l ^53 ^jI^)a]1 

, ^)LudA JajujjilAJ 6 jlc- A_ lisVl S j . i\a\\ Ij^I^a (^.ViaII ^)Lii^ 

111 j co^pJI <a±Lall ^c. L^Jlidl c.IjjI Clll_jA o^C. j\x yVi J ^3 1^. ^)Jj^a3 

djLjjjji]] c. ^A'n 6<_£^d 1 (_]>AJ l)- 0 ^ S' 1 * -Pj^ ^ 

^)J*j1i 1] 1^1 <iiLa]| A^Iaja qa ^)Luia -lajoi jIaJ 

^)ialjj ^a^C. J^ -0 C5^ 
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^jd * A u*id'a» a 11 dojld!! Ajjd ^ja Aj_jJ Ia Idj c Aj^pd^ 1 A-iisVl ^JjAj dLiuA 
dlA ^jjAj dld_A-k-a A^.jj (jl A* /‘u*ia11 ^ja (jli t^! AqKaII jj A Ag a 11 dal, n^iVlll oAA (J£ 

.%20 a a A, u*i d i* a dojld Ajjd 

^1 A>.s-i a^jAiill AjAjj ^jC- ^d31 J (jjduij (_£^kVl A^jidll (JaI^lII ^ja j 

t^^ 5 -AJjA31 ^Laj- 31 dli3a ^9 dl_j31 (Jxiiu A-illdl a^)l^)dl dd^jA ^3*^ • ^Jjdll 
3* >J 1-6 11 a j . ^3*1 1a 11 ^ln»i £_a 131c. o AAlddl j A ) ndll dl ^dl 3^a ^d ^d^aLd j 

. dldldl ^^9 ^aJjdll ^jc. A WuuaII ojfi* all (_ja Aj^- 0 cs^l dl_dl dLiijLoll 

13^ .A luijJn \* a!1 dU dll ^tfajLx-a^, ^9 AjAj-j _j^AAj ^Jj ddl Mil 11 (J*dj (_£AjjJj 

£_£^)lii d!d] ^ja (jjduij £_d dl£ ^iaidLo ^ JIjaa Auc. J)l,i^ 'a VI ^jIjj li t U/i ^ 

^.Ljaajl (Jj 3 (3V1 ^gic. jl^ <_ > }-a^)31 Ail jj3 Ajl 9 jjdl o1j*y11 &Aa c-i-d^jl 3^ ^-JjA31 ^Iaa-ss 
A jldill j Ajjdll ^ jd31 ^jjC- Vjl ^Jjdll ^Lo--a ^^9 S3jdil S^)l^)dl AAjjj . ^!<llidl (Jd 
L^ajiaj .oAd^. Aj^) 1^)^ dVpLiA ^Jjj ^>dl Q'jj^ll AjaAx 31 L_L^udl ^Jj l_ia3j 

^1] o^)l^)dl (J3 ^duj <ddiA ^jdq'nj td^)3 Adlj djliidl ^ d t^Jjdll ^Lt/i ^2>a, 
. ^jjA 31 ^Loj-a J)l.j^.'iV 1 ^)ld (j^dVa t. > a-vj 1 3 J . dl A^)idl j L_L^udl 

^j-aSljj £_a Adi A djldoJ dadiatA J)j^ a!1 ^JjA 31 ^l_A—a us (jdidL c 1 ^dl 

Ajli^ 1 Adi 31 JajLstdl ^jc. ^d31 (J^-ll (j jd LoAic. AjI jA (31a l_D-uj j . ^pj^dl ^L 2 >u 2 >. 

d jjuj cAildl IjA^ac. aj^uuxi ^^)131 dl^^ 3 cs-l^ A j^nla'ia a 11 (J X >1 

. ^)jjl31 ^j-o oldal-J Aildl ^a AiL-iA i __ 5 -lc* (_5-^ A T ijodd*dl ( dd Ajli^ cJ^dl 

LoAic. j .ojldVI (jC. a]jjjola ^j*)“\a 11 Add AaIiIa 3LiA .‘iVn^k 

.Add!! Alddl ^jdajj J L_L^J 13 j tAloLdl Aildl ^Lld (jdajj V t a 11 (_jddj 

^jdidl ^^3 ^jldll dlA t aJjA31 uLLt/i (Jj-d LaAuc. ^Aadd IaLq ^_jd 

^A^.1 (JAd ^1-^3 jJjdll ^ja Aj^aII dUldoj ^,\x Vij (_£ jA-sa31 Ia A jA^. ^il CIP 
d^l CPP jdidl £a AAlddl jldll dlA ^Jjdll dddj^a (Jddajl dldldoVI 

jl A^_^. (jl (_ja t dig dll dljjjjaiA IjA^-oc. ^)331 Aj3 tjp ^)^- ^ 

^31 (3L ^)a l_j3^ ^)d-al 1^-jlj (_5 jj-uidl AAddl ^jldll A_ixjudi*dl djladl Ajjd c. ^/i'n 
A^J ^jl l-^^J A g ^kll d°j .^jlludl ^^3 (_^31 _)331 dlA ^aJjA31 ddl ax^o ^^3 

.^jliudl ^3 ^31 ^jldll Aid ^3 A^^.^dl _jA 31 (_jdk ^)ld qa (jd-d 
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^aJ jdll ^Loj^a Jij AS jLtll dlliAall t, q.W3 . CllLujLoj \ g xxid (Jx^. ^3 dil j j 

(j-0 3i dil3j Sjl y^A d.Ajj (j? Ll-G Sjdl^O (j3-dj 1 g 1* > j (. . I'N^tll j 

VajLLaSI Ajjd $3jj ^S ^3^ La-0 JJ^l LS^l 33 ^ 3/1 ^)Lj ®3jJ 


C > iu>n 3 I 3^-^ O^U^ll jldll djliljS q\ A aJLuiaSI .^pa'l 3jjJj .A JxxijLa \x xill 

.(Spin momentum transfer) ^jdill ^y $j*Ua v^iij b >3i^ jl jald 

jjQ Vi ^Jj (_£ jLiuiaSI £-g AxjL*I1a] 1 jLnSl dll j ^aJjdll CllLoLoj^a ^Jla\ tAl <jl L_L^Jj 

S-!*^ ^jl .1.1^. o jj» xs-i ^jJjolaII .LgIx_a11 jldSl VojLi-o (jV dlSjj tVillc. A_l^2a-uj Clllslj^ 


£-0 -Lobd-oll ^Lilll dll j djl 3.»€ >3S iS^y^- 3'^ -0 jA J tA-l^Jajalll V^LuiaSL V® jLLoSl 
Voji-Lo (JJ^j (jl *■ . 1>J ^ 6 jLjjVI UJ^ (_s^J *0.1 ^M- m “ LS^* ^3> ^ ^^JajoJ! 

^^Ic. JJJJ Vi l. 1>J SjJg.Vltt V^.Lai-0 ^ji ^_±*J 13k . (J5V! ^ic. 10 G Si VjJ 3* 6 JJg Vi Si 

.100 nm >Vi 3-0 Jiit VilaaJl a j \$ Vi 1 1 3 juI 3j£j 3 I l_i^j J\ <0.01 pm 2 


Auiil^i Aj^uulajLafl ^LajULall CjIj Sf I jilt jjjjJj 43.13 
Tunneling magnetoresistive read heads 

^jLiili d3j ^Jjdll CilLol ^ox^ 1 (j-al^Vl djlsijjo) ^Jt-L-a-o a jjj j] t^sl^Sl ^3 

Vo^LLoSl 3 I .200-400 Gbit/in - ^S1 A^caJaxuS! dAiL^ll 3**^ til j> uxiGl -LoLl-gSI 

jLiill (ji C^aJjdll At.s-i o J> q Si JxxiVl (j! 3^^ Vpiili VluiJalx „li 

A, Uai l3-i 1» ^li Vojl^Ali jg Ja 1 .Aj^jllli ^jj LS^ 6 L^3 u * 1<q ^ ddljt-aSi jl-i^i L^^-J 

JjVq l)a JlJ tojlc. ^ jjdlVi ,\u^i Ja C<S 3 ^ ^3a 3 x -^ >q ^ Lode. 4_piili 

<Lo ji-Lo Ad*jj . 33^ Jt ^i 3^L3i L5^l Al3a Ja L£y^~£j i j/n^nJa’iat <o 

^3 vL-aldoli Ajj-aidJij . 1 g x a Llui 3 J jj J J)^.l_^Ji A£Lojuj ^g-S^" i^^^ Vpiili <L-a^]i o 2a 

^.i^^. ji c^j3 u * 1<Q SS doLt-o]i ^Liili dli j ^aJ^dli djLoLoA-a ^2 oJJ^2k yA\ t^LojlAAli dlL 

^ qj'^li j.^x^^o Loi .^2pm 2 Si 3S_^-xs ^3 ojlc. A Sx^a ^Si V^.Luia ^3 Vo jiUi 

i^. y±& Adlxj Vpd A Sx^a j ^ic. ^ j 1 V 1 Sji3 VpJjili vl VixxiVi ji ^3 J-o^jS 

3Lo*JjujV si-^ A x^ij jC. AjJJjlSi <j! VixxVi C 5 ^J .vSj^a^Si Vljoij VojlLo ^^g-Sc. 

S-ojlio Ajjj v! ‘JaVl Jc. 500 MHz ^JjLoU ^ji c^}-a^3 A^i^-uj ^^3 A Sx^a^Si 
dllj jli GOO nm x 100 nm aL^jSI i^*j jl£ 13 ;^liLo3 . ^ jV 1 djllo Ajtdaj ^^g-Sc. Alx-a^Sl 

.Ja^3 flpm - AjuJaJ (J 3^ t> . A^LuiaSL Vo jlLJl ^.1^. 3 I (3 1» J 
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(JaI£ ^Ic. ^gj\ Via ^JlSj 4 jQj^ IaI .10 A (j^* cJ^ (^\ ^ ^A 

. 4 i QjQ - n. 4_lllijj 4 \ v s\ ^ J*< 4 \ \ Q *. 4 j -v 1 **< *4 ^ 4jj|_c, 4 4^3^11 

A-jjouiajjt. .all 4 _a jULa]I (J^jlLq _j! ^)C. ^ic. c 4_iiiii]| 4_iujlJaliLAlt 4 a jULa]| Aa1*1i j 
^j^aJj t^jiliAiA^JI ^jjlluuialx a 11 ^."lUj.nJV'iXA 0 Ajjl^II ^Ac. c4s!>La*JI 

I^lUJI ^dll ^gJc. 

A R A/? 

fl = flo + — - [1 - cos (tt/2 - 0)] % Ro + — [1 - 0] 

2 2 (18.13) 


(Ji3 4 jqq ill 4 > n*n)Vi» a II 4_a jULa!! dl Al'l^l jAll 4-11^. 4 _a jULa]| ^^A 7?q Cli 

4_^.^)A Ale. 4 _iaAI dll A IgA 4 _ai 3 Ax-a^) Ia^. c_li^)3 Ag C. (J^aa]I ;4_L^la &Aa 

4 j'qq'i d^L-aj £_da <_ja (j^d ^J-djJ dljlVl J^iiLd] 4i3Ldj oAa ddadlj .43^)iJI S^)l yz* 
*Ia 11I ^ic. I^)ii£ 4diill 4 j^nJda a 11 4a jlLoll 4_id Aaj*j .S^l^all ya JJ^) I^Ia*11ujV 

dlS^ll ^3 LaLaj ^ j)g ^ a ^IC.^ Lll^ I^A^aAa LaI .4_^JL*_a1I c Al ^a^I 

4_rnill 4_ijaLiLaii_A]l 4_il3i_l]| yC. ^)ixi Jlllliere 4_x_dj \,3->j j> a ji L^A^aI (jl VI .(jA 1^)11 


G(P)-G(AP) _ 2 P F P R 

G(AP ) 1 -P F P R 1 ' 

4_aiJa]lj (jP) S^^Il 4_aila]l ^^3 ^aJjAi]l ^il JV^unl 4 JaI*_a]| aAA ^9 P^ J P ^ (JAaj 

/”j (jjj^'ill ^jj^j^ixII a‘1*\I *Ia^ l.Ag ill ^jljUafldjVI (jiAA d^)xij . (/^)4 )* >^>a]| 

c > iJ-i3 (j£ Ale. ^ ol_dl Dj J D| ^Jajai Ale. dV^-il ^^^Ilslll^ ^3 

:(R J F) 


p_ M^r 


' r i°i 


? r A + h^i 


(20.13) 


|^jjj£ (Jax!1uj 1 4_ll_3 ciaAS dVI^JI 0^)lxAl3l j ^’A^aI lAA ^LLaLoiJ ^C- 

4_i^iill 4_ix*uiaiji_All 4 _ajIaa 1I ^jj ^Jc. JV^duVI I.Vi^aj 4_1a 3 i4_iii^)dlll dllLnll ^Jjadl 

j^UJI oALa ^3 (^Ud o ^jAjJalu ^llll 4_il jj!l^]VI J)^.l^JI j ^jifLaall 4_ml lAa. 4_uiLui^. 

AJSVIj diljjjj£]j (j;U diljjl_j4l dilSUaj diLi.Li^jlj 
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jjxj (jl jd&j 1^-iV Ia^. a a ^ dVL^. (j_j^j (jlj oly‘ui‘L/1 (j-°j . jddl j 

jl Ada A L_Jjld dj^Jal Aiij . jddl jjLaqll j-a jjji£]VI dV d jja (Jlaiil A \yf\ 

A^l jjj Cr II j-° dLojjdixil A * jjud] jd&j C(JIia]| (_3_iajoj ^ic .^IxA (Jj-a^j ciilA 

. Lil£ -4 i a xij 3-a lx a!1 <LajLLa]| Ls> *"^ q J u 1 _5^"^J 

.4 d'l A. U*i JVlXA A-a jLLa JLaXJjujL £$.1 jii JjjI j] LuLuJ 1 6.13 JLS1I om. 

AdaLdaiVI Asu (J jIuiaII ^3 (_£A]| jLiill (jA ^aJjAdil ^ad-a A_d A_dla]| Adll oAA (JjLaJ 
AaIxa fildL jLii]l jl jg-9 ^-ujLujVI (jjall Lai *lI j^” j^dj LS~^ ^ ^ C-dadl jc. 

(Jj . (. ^"\ll jc. IgJ jc. vnj L_iil jdl ddLaj jl dLil^j j^a cilliA jd I a! j t ddJail 

* 

dal 11 A . ujd £jJa J U^ -0 ] Ljl j* d° J • ddLaj cJ-A*j-d jl jdaj 1 g x ai ^ ' i i^_L^dl jl 

. ddJall A ^iA^ Sjl ji. AjAjj ^^.ic. -^-dj l-AAj i i^dl £-a (J-dal (jjl j^. jaLaL 

dLaLaj«a ^A J j^.ja jA La] jd^LuLa jl^AiJ dl_da]| jaja£j^ ^jAj>di j! ^C. jj 
L_ld A-A£-a dVjLd 6 Ac. A-dill A_da jll £jjla jiL t^jdbAll ^ (jL]l jLiill dlj ^JjAdll 

dL (J jl j . A jqq'i "bf. I jA jajjj dl A j-al jal dial juj jjjd jldal (J^a 1 g \C- AjdVI 
a m \ 1 ^ Aalkll ^ v ^ a \ oa^a^^-q j y;l l cAjLoLax^ 3 ^ja^j^a .A^a^j^lL a. L^a lLj'^^Lujj]| 

dUJJI tj±i dl ja 3I t.** llat \at‘a (, I A^. I _jL^. ^aJ jAli]| ^aLoj-a \y ^jla 0Jj-al I Ala . (jj^ dl 
<d jqq ill l^_jl^]l a\\^. . A T ijauIdx_A]l A-qjILaIIj ^jL^^]! s-Ia^I A j iA^q A ql'i^^ll 

^^.L^JI ^ ^Lj^£]| (J^xJI jli^jl cillA <J!LqI (_j-Aj .AaaAI JSI ^)^AAj]I (j-a ^^kl Jaldl 
Jjlxll jL^-jl c<l_jlc. A*\h ^ijl_^. Jc. Ia^. Ag ~n ^jja J^ 3 IaI .^^aiiSI 

Ag ^ (j^L} q\ < ' VNJ !a] .A W Li 1 1 AjAioi ^ I jail (Jjj-a^. j 4_LklA oALaII j^l] 1 U >.\\ ^jLj^£]| 
jl cil]A dldaj . (J jlxJ! jli^jl ^ja] dl^ j«^L I ^hWA Ajaaill l^jlj^]l jlj^iVI 

<11La-q jj^ ^aUaliiVI A-gjAC. ^JjA dlilLa ^daJ j-o jj£il Jj cAAj]l ^jjli ^jVlII j^.ldl 
jU^iV I j-® ^ jj (jl L)^ - ^ ^ *s~i Jalai L_J jixJI o AA (JLaj jl ^a jlaj . L_J jAaIIj 

Lild d jjx-a]I jd j-o Ail lAA j-o JjLtll (JAIxSI jLi^-iVI (J^a 

5= .» * 

j-Q A_Ljia IaAxj (jjiLa 1 AdaidLo jLidl Aj^_^. oLd ^-3^>]l (jjlall j^.L^JI jljadl (JAa 
SaIc-J jl (Jad I Vi^aj tdjiJj AjjAII A^LaxaII ^jj3j jddl jl ^Jj Ijlaij . j-o jll 

jla]| j-ajda^. ^aJ j-Aj t j^.ldl j^ail >/T\ jl dl jaII A 3a u*n L_UJjJ 
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(jl\ j;U* ii -iij .Aaiij Aom-Ja \*,a A-ajlLa qa ^jusia dflj£ <j^i j] ^LuajC- jJaLa 6.13 j£*u^ 

.^uJI filauV Hflj ^ jIuia!) j-a J-aLLa jLnll Lai .ALaj-a^a f |j J <uj AiLlaj 


j^I ^jc. ^\'n (Shot noise) SjIc. A_mili dil 

I J ^Jaxj 0-L^-Lall lAA .1g ^ ^j! LaLoj L>^J « 


V„ =j2e\l\AfR 2 = ^2eV RAf= yj2eV (RA)A f / A (21.13) 


A j t a^q jIaaII ^ C^jLuli jA | / | j JUJ1 ^A A / ^ 

c. <a\"iVi A^j^laJ a J)jg -vMl ^jjjliLa ^glc. -1 «<uxj ^r j^L-all lAA <jl • o J).^ A_^.Lai>a 

I J ^ 3-ax J ^aJj-iill CllLoLoj-a ^9 A_ilc. jLaJC.1 ^jC. 

K = jAk B T RAf = j4k B T R s wAf/h (22.13) 
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(j\ j LaA h j W 3 6 <Lgj 11 a R ? <>" n>. 

Jl^-Sk j RA J U^- C 5 ^ wlh AuC-lull AUxkllj R s (jj Alklj ^aJjdill ^Laa-^3 AajIIa 


0^^-jJa ~n (Ja -sj A a^LoiaII (jij c^jllklull LaA ^qq‘^1 £_£^)Ui]l V J)A^ '^1 

£-g n L-Ajjuj ^tj-n >.^i\\ oj)\-ui^\ Auxk <jl (j*Q ^1 dj^)j 1 -a l^Aj . l \m\\ 

.A \$k *i\l A j*\ A* till Ailukll £a (j-oj to^jg.'vMI 


dlmll 



jjC-) diluj Ja jlak ^aJsjj MRAM Ajumj&jxa Aa jlLa SjSlJ j^alxl ^kdxa ^ujj 7.13 j£-uill 

j-iC- j dull Jak jldll JjSJj ^ic- Axjajftlall jjC- ^-ujVI Jk . (Axla^ls) ljLaI£ Ja jlak j (Axla&Ls 
tAjluill (j^, La) . Jai£ CjIa^ 1 xa]| Sfljii (jo^ ljUuII Ja jJak ^ jLnll <JJ*i .AjA&III dALJall <Luj.a£ 
. l^uS AuluSJl ijjr^ ^yjJ! dull Al& ^jlaJallaj (jjilll dull j A.aKII ^jJak ^2 jLull ^jau 2 


MRAM Aa^uka-JI 4 -» jLLJ! cj| j <^1 jdiil jliill S jSI j 5 . 3.13 


a^£lj ^j'q Vi ^»Ia1 c_jlull Auiiiillj AS^-axII A j^nA \k a 11 VgjULaII V ^*i-a 

ijl .(Nonvolatile random access memory) RAM AuJ£11a3I juc. ^jI^AxJI iliill 

t SDRAM aIa! jIaII 4 j^jaUj-iII j DRAM aj^jaI n^ll clj ^jujL^JI ^j! ^juxII iliill ^£1 ji 

Aj^iull £_As (j^ Lg-iS Ajj^k-oll CuLa^A-aIIj Aq“iVi V ^ *ix a j cAjjoi^IIIa ^)£1 j3 

A ju)j]^1» A 11 AajULaII djlj ^^IjjaJtll 3lkll o^)£l j ^^2 AUxaLoiVI o jkail j . Ig ic. A-ulu^^kll 

A 

(djLojlx-all q\ ^ (Magnetoresistive random access memory) MRAM 

l^j V 1 -^J jl ^Laaus cJ;li 2 ( 3 -° 0 ^J\X, Xi 0 Auk ^^2 lujanIai*_A 

. Aj^jA i» a 11 l^ulU. ^_Lc- o jju^-kill CIlAbL^ 
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jdj . ^Aukkill AuxajAIxaII AajULaII ^ic. Aill^Jl MR AM 11 ^xoLx-aj ^ Aa a ^»^kj 

^kd J^U. j 4"i {‘‘lx) ALA j)A cdlluj ^g_3 . IaIaj ill a^)£!kll a3^J 4_1 au1_ujV 1 4_mll 

>»" n*s t i a jjg.V'ill ^ja^^V i ^A luA AaI^JI A 3-i Vi 11 j .^7.13 (J^**ill ^)Ajl^ a^)^. AAAj 

a jjg Vi 11 £■ 1 Ac. j ^j£aj 4 JIuaII (JjUjoj ^Ac. .jl jj&J lulL^. a^)^Jl A A All 4jjn.uA la a! (j_j£j 

(j^£jj 4 (JjA'u^iaII (J^A ^^gic. a! 1 (_£jL^.l (J^/Iill lu^LuV ^)3jJ l-l£3 4 (JjA'uua (j£-uj 

* * 

(jjjlA jl jSU a jluj jj^AJj . Ljajl JjAu*ia 11 (J^A CJ^* ^ J^jA I* a !1 (jlAjQ* uhaII (jlulL^Jl 


4 ja u^i ajldaA 4_UjuAia_A 4AlA 4 _Ajoi1^j <jj!1a] 1 4<LA11 j)A aJ^jldll (J jQ^kll £.l_aJlj (jdlL^Jl 

* z 

AjA*s (JaxIIuUj . ^4iL3^) ^aj)J 1 J 1 j^) 4‘AA 4 ja -n^)a] 1 j 4 uua 11 (jjJiLAll (jjj SAF 

4 A All jlj 4 ‘in a 11 A q i A 1 1 4ujl ^a 4 j^n A ia ^11 dul£ Ikj ! a jjg Vi 11 All_^. aa-1 ^)kl dldll 


;0 11 All_^. a jjg Vi 11 ddl£j 4 _jJakdiA A^ULa!! dul£ ;(SAF 11 All_^. 4 ja ~n^)a ]1 

* 

l_u£jj . 1 11 AIL^. ^3 dul£ ajjg Vi 11 £a 4 _iai£l_aUA a^^Jl 4 .LA 11 4 j)nijA la a dul£ Ikj LaI 

jjA-kll jjlajUJl (jl ^jLull -L jj . dull j A aKII ^ A*n (JLxudiailj a jjg Vill ^^3 dull 
4 ujuuA1aa ^jjja'i j A'dn V 4ul .1^. ^Jj 4 3 ia d 1 Ag *ia (jlu jjlijdu jjjx^ijA'ia a jjl'q^ 

(jjdjA 4u3 Aj1u£ 11 (_£^>d (_£kll ^)x*Via 11 dc. Ijla (jl^sldalu l_A^j£lj .aJ^AJ ^)>>s-x\c- (_^1 


. ^j»^aJaJl 4_iuU A ‘la a! 1 AUJ1 jjja’ll L_fll£ (^g-l^ (^1 


(j^-<^ Ajl ill t5jlSll A MR AM 11 A.xxi^ jjjj ^jujLujVI 

jjdlUJl ^ a jjg Vi 11 ^jA (> _ 5 -lc. .‘Ig -nIIs 4 MR AM 11 ^ A^Lajuj _>1^1 

cil^L^Iliujl (jl^j ^-gjIaaII dul£ 4tiLo-ujl j^.AJl j)l£ IaKj i"AdaidiAll" j "AullaJl" 

K^lLa-xill dljja (jlaluS MR AM 11 (J^LAo Lol .aa.l^)kll AuIaC. (Jsl A3LA11 

C-j 4 jx^ijA'ia a jpla_A A q l^I^LujIj (Jkl L_flL^ajl (j-o j)j£-o ^-Lal£-o c > iVi 

Aj) A-k ^kl^-o ^ Al aijA'ia a 11 dl jjg Vi 11 JUdl ^^3 c ^Vill (jl tillk ^lj L_flldaJ . 4 j^n A'la a 

^A l-^u3 c. ^ i"i^j 4_fljjai (_^kll ^)j-aluaJl (jl jAuJal 1.1^ lAi3^ U-J^ U ^ dl aKII j dldll 
jl^xdiA ^A lAc. lul£ A ql“A a dl^jj^iuj ^ laj L^llk .Aks Aluill a-l-ill (_j-3 lA 1 *^ (.^H 
^^Ic- l_u^jjj Lo j A ql“A a aAj^. dlj^l ^Ux-sa a^)j^)da j i^Jkl^lll cdlx-dl Ac-Lda ^^3 lull-^. 
dlkklll jIj^JJjuj! (j^-AJ A AtiVl £-^}Aj (^kll (Jljjalllj .Alllc. L_klll£j (jA tillk 

. 1 iAa cillk j)l^ (jl 4 ^,.a^ 11 ^ IdV 1 A jA-x ^ AAl ^ jjjAill ^ dj^ill (_j-A- Abj^x^aII 


dldllj dAJ^ll A^Ad3 .A jAdll ^Lj^ll (JjaViII ^3 (^lull (jlkl 1 IA 

A jAdll a 3A j}A 3 JJ J . ^)l_ullj dl a~\ t>iA 1 g J.'ia’l <jJakdlA Aa jIAg dl k l^1!Auj1 ^^A 
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Jj. W<a ^d-day2l c ClA-adda-all J^C. a jtjj L_L^jj AJjHall d£y\ g*u J ^1^3^ $j)\ j!ill ^g-Ic- 

ddj lU-an C^U^I A^Uall d£yl g'dil J dlli J] i—flLjaJ . jLilll ^aJ.l£j CS - ^ 

.La A^J^laJ 


What come next J*j 1 jU 6 . 3.13 

Ballistic magnetoresistance dai&l 4 u,nhiiall djliail 1 . 6 . 3.13 

A_J^jlj A Uii iJVix a A BMR A_i3dill A lui a\\ A-ajULa]| lijLaj lj3^)JaJ 

a-lC- (J jLaU A u*n3-i \* a A_AjULa ^ Uu '1 \ < n A u*i }]Vi» a *^jliLa ^\ ^jl ^_dal ^11 ^a . 

c_ Ldal .Aj^jlj a jjg V" 1 ! ^ (JLaxilmj^U 1.1a. Aj^x-a iAdallj Clllda ^ ^lia. jl 4A_1 aIIj L_flVI 

(jl (j£-aJ lg \a A_luaII Clll jjg Vill jli I31j 6 1 -la a^)J« BMR II d^L-aj (jl dl]j 

1 g la ~nj (J£j ^Ida. BMR II d^yL-aj AjjojLui^j .1.1a. Aida dilLai-a (j-a l^j 

^)j£l 


(JjLoi-a alC- dlliA tBMR II (J^xi-a ^ic. A-ajlfi djI^jg Vi Ad (j^£j (jl 4(j^I 

Aj3I^aJ ^^-a£JI ^xd-aLil] a jjg Vlll dlLlA (j^fL (jl c.^ l~sj Vjl . 1 g 1^. C > rsj 

f % * If 

II d_Lyi_i«sa j (JjJaSl £ ud tlilla. . (J^jiLa ^)liL A-illc. A_ialHjVI C5^ Ida. al^a. 

diLoi ^^3 I la. (jj 31 diluj ^)d^k j ^Aj^ijJVia *all ^Lajli-oil A_id ^Ic-Ij L dydn ^H]| BMR 


A )» ay-aj Vnlii a^)j^)Jjai ^JjJajjII (j£J .^j\j^^]I £Jjdajall tJLaxJjailj (jajl 

s c i 

L V^gJ ^jl dlliA ^ya .a^^^JI <alid-a djI^Jg >'1 ^ )^>x‘i j ^Vill 


<ilLa ^^3 ^jjjIaaII djl3l3^j BMR 4-L^a j ^-L-sal djl^jj^jjjai ^Jj 

. (nxxijJ^'ix^a Jj nQili -jjj 3 *-^ q ^ Ajjodi 


(J ^al jJj 4 _i 3 jJj ^jLada C > 1 ~SJ t^llijVI J a^Jg > ^1 AildaV^J 

^ tL_Ajjj! dlliA j tJLaxIlujVI BMR II d_LyL-a j tl-ilL^B .a jjg V'lll 

Aj 3 .vi!l <L-a^ll A_ii 3 lj ^jl ^ (_)-aC. dlldAj . 4 j_jI^)^JI L^IliSjJj ^^3 

I jl3 . \,g x j.) q ‘1 A^.I_uia]| djl j A qI > 'i*N^II ^-La^II ^^3 Aj jLuiLa d u*ijl A jjaijlVia ^11 j Adlj^^II 
(J» -sj ^-du-dlll dul£ j\ Ail ^j-Ic* (j y jJ-an Ajli iL^i^j-a dllj 

L_l3l jC. djl j ^ ^ (jli cJLaA^yU A_Ll3 dj^L-ajll djL^.Lai-a Clalblij 

. A_l^,llj!yLI A_±LuJ 
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Enormous MR 


Ajjtg-ll Aj^nkl* a\\ A-g jUL^i 2.6.3.13 


A^^p ^Ac. EMR aAjI$A 1 A-iuuJalx a\\ A^jliLAi <jl3 ctELuj ^£1 LaS Us j 

I^A j . A^UxijJ-a \x a\\ (ji^jjJ LS^* V C!j 1 J)jg ^ J-aae j <ji (_j£aj AjV A_iAAVi (j-Q A_illc. 

AjjaiC-Vi CliLuia-A (_£AjJ (j' ^ J> ^Si j J)\ ^pL-a-a l_il£ tE 

^A EMR Si a J)jg Vi ^^3 0-i^-iJali <ji tiill L_flL»JaJ .AjLiS^li Aj.lJ.IaAi AjmjJa \k .oil 

EMR Si (J£1 -uLq LqI . AlixJjlaJ ila. (. Qj» x<o ^Aj tAail3 ^£^)i^>aAi 

EMR — Si (Jj*_Lq ^jIj iVjli .Jj^i ^lEaSi ^yuA AE AAx-a diil ^jj*Aj 

A-iislj (_^1 (jl*_A £-g A^ojULali 'ia ^^Lqj ^Ac- ila. A-illc. AAj£^>a. (Jsli c. Qx^i'^ ^^Ac- 

(_j-al-£aAli]l o^jAiaAi MBE Ajjj^I^JI Aa^^AIj aj^j^EII A_iAiAi tLAU. j . iia. a_AI_c. 

^A j U—JjSJaAli ^jllllj A-AIc. A_j£^>a. dlil (Jsi^p l — -i flLx-aji ^lili lAl^j 

A_ia.llijVi A_illc. Aaj^la l*SUa (ji l. ^>J il^ .Ac-Lix-sall ^\\ (JiEli A \x AliiaJ 

tlijlj J . I_£_j 3 A_j£^}aAi UJ*^ L>° 1 g Sj^E'Inj tilE (Jai ^pli L_aE-aji A_ixmS A qKMl AjJaia-La j 

JSUI ^aj j)JJ ^£j^juo ja.la. j)V c Aaj^)La (JsUll i_L-aj j j) IxAli jr'jj' ( ' ll “A 

(jj^J LoAlc. LolL ^llLa AxjjILq ^_2 ^^£jjjai Ja.la> Lol .1 jiJLua (j^fLi (ji ^ (jlxAli j 


■L <a»rfVi ^^3 1 ^ jJ-uia (jl£ il]j . A-jll Vix) ^iC- (JsLili c. ^^3 

c E^i'i 4_J3lil! (jUaj ^j-Q c 3 ^*^ I (jj-3 c^j^x-ali ^ ALg ^g-Sc-i (Jslili 

jlE Aj^jjLg (Jslili c. E ^^3 AjjJaXG <Ela c. <i\Aj I 1 a j . (JslEI 

% 

A_illc. (j jI*-g Aj^gVi ^>fEj ciill ^ 5 -Sc. 0 (JslEI c. E^i’i (_j,g ClA W xrill (JllAji 

^iaL-oj *^jA »^i_^ASi ^sAc. ^3 Ajxj-a aALola c_flLx-ajl t __ s Ac. aJ^^AI 


30 a^^) (j-a I^jLojIIg ^jJajAli aEsj djEL^j EMR Si djE^xA A_iSl_^Ai A_AjVi ^11-aEi 

^-Jai j]i (j-Gj .IgJuJa jJ ji djEl^iSi CIjLg jH-g dj^iiu ilj 0 _jjg V‘Ai ^.i^i jjiAjj tnm 

^tEj JaA ^^Ac. ASjg AjuJaj (j^-GJ i*^f^ 1 (J^^i i^A (J}-g ^ji 


Semiconductor spintronics ciuaj cjLjjjAiil 3.6.3.13 

l A )'qq ^ A n*i }E'ia a AajILg ^i ^al At.s~i Ac. j) U^a^Si o^i^lSi 1 

t Aj3.VqSi ji Ajliili ji A3^La*Ai A j^nE'ix x>Si A^jlLali (J^*A-o A-ajllli ClA x^i^.aSi j 
t"'' <->. *< dAx oaJj LS lc. Aa1*j VjV t Spintronics ‘•"'' j-’CT - " 1 
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L_Luj£jj ^-uAiJdxA (Jd^. 4-Lajujl^J dlxAdiJI o^A ^Jtxjj . ^aJjdJI 4 ^gutixa 

did j JjfUV I U 4_JL^JI A ^J>>l'i j . (J ja£ _jl jld (JLaxdulj 

l_Aia j . (Jal cdLx-dl ^ic- 4_dla dal J)jg Vi ^JIaxHaJ (jI^aI qa 1 g .aJo* a\ dul 4jn u*ill 
<a»«o‘i 4j n uall dldjJ&KJ A i^Adl IjI^aJI qa didxJl i^lliA t^.j>j,nJo^»All (Jj^kdll 

A , J x a) j Jo .all ^gic. AAjldJl dl J)jg V^ll (S S' ^Vjli . 4_jjailJdxA]l jl ^aIIj A-j_J^* AJaldl 

<j jIxa j AajI J j 4j3 jja idlxA l (JIaxIIujV 1 A \x »*oll jl (JA Ac. j.a'N.a ^Ic. Ajdid^Jl 
dl J)jg, V^ll l* 1L £.1^1 ddtJj .SjldaA 4_jjaaJdxA .il^Aj (Jjt jC.j A- ix*iiLaix-oV 
Laa3 aIjULoJI dljdtill ^^Ac-j ^IjaII o^J 4j^nl <: sj.a'l j AjjIj^^IIj 4 >> u*nJo' l i«.all (j-dL-adll 

^j-o ^lill ^ ^-aJl ^gajl t/T\ JlldJ j Jo u^o L_lxj-dl <_ja (jxa^l LS^J • 1 

I.Ti^aj cJIIIaII Jjxuj Jdaal A j^nJou a! 1 j AjjIj^^JI AJaldl 

dlj j£a jl l^dldlj A m a Ajdid^. A j * j.i j J*-* i at a AdiLal A ) a aij 3-> lat a! 1 ^dal >/r\ 11 

^*s. \ ^ \(~- Lk^ajl 4 ^ ' '4 -a \ 1 ^ AjjIj^^^II 1 ^ i .dil t A. ^Vn*N. ^ixj 1 T^l ^ t 1 '\A- 

11 1 g dj cA^.^)^JI jI^aJI c . n^l S (S 0 d*^*^ (jl cil]j S>\ sldaj .A^a c_j jt 0 _J4C. 

diiai^l A Jojl*s j AaXaxJt Ajj> Aijj-a^at.^aW 4 _a jULaJI d!3 ^aJjdJl CjIaIax^i ^3 CoFe/Cll 
Ad jjj^IVI (c 3^ jl) c3^1 S lg ‘Ajaaill Ai^a jll ^a CoFe - ^ jJiaIVI 

^jdxj ^I^aII ciiL 4.^.1 JJJ .Ajldll ^}A lg_lA ^jLiidVl (j^-^ ^gUll jI^aII AajI^ ^JA odd) di-i 
Lxa Jjj-dlj (jl c.^ A ,q\**^ a!1 j! jaIU .^.juA^I J A^JUaII >>“ n^k ^ja A \» x^oll djLj.W^ll 

• cJ^Vl ^^Ic- Aja d^Jl jl lAJdoj £4 aj clg KIj L_L^Jj tLxuluJ lal t.sTk\W 

, 1 \x 1 g Ij^di (Jx'vj l a 11a j 6 4 ql“i j ^ < Q (Jdduj J S^" d iV dtAJ 4_alii»A]l jl ^aII c_d-ajj j 

* y 

^Jjldll iVl Jo u^il ^Ida (JaxILaJ A^JIxaII jl ^ aJI tiiL (JaVu ^jl L_L^Jj 

diL-aJ j IdjjJa 4_ujLutdl djldlloll Jo'i j JiLJoaII 4 j^nJo'^ ^11 j 4 j ^ i.ij Jo ^11 djldlllA die 

cilliA j . 1 cJ^l *^1 j* i < n^l S c)-^*daua AJaLlJl c. ‘aj.^o'i 4j n uaiII djld 1 l-ol . (J_)^ -3*^ 

t4idJ 1 g is o x^o~\ 4 *ti.ViA j Jo u^o (jdoJ Ajl ^A (Jal^iJl < flL-ajl ^3 AaI_A 4_3jujLoi 1 Ad-sa 

JdLxA JLddlj AjjViJl (J^UaJ! Idajl lidalj .A_iialiJlj Aallall ^Ud o _^a 1 g '^j 
4j_o^^c. 4jJo^k AjI Vu,)1 Aj jx »*o L^_1aj 1 4douldxAll (Jj'^11 Adi3^) AjjaC-I 

Ajnu j j' l did jJ&y\ dljj^dj .(Barkhausen) jL pda ^ iK'i j 


c^djd^ ^ aaijJo^x ^ c3^d (S A-iAAiJdxAll Aalj£ AJaLiJl l_L. 

jd ^Ic- Ig-d Lu3 dl jdllill Jjld Ajjl^aj dli jj4^Jj dLajjd ^ jd ^jl j Jj 
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(jksldj aAsLaH l A j n unll djl-ij jjj^SVI 3^ jLdlklj (jVl g.ud <d jjjj 

(j-a AjAsJI (^la^dail Akl . lg_J ^LojaI cilLiA (jjfL j)l (j^-^ 3^11 dl jjg VaSI j 
C . alVqnn^Sl ^JjJjII dlk dal W /till dlxlod (jj^JJ LalL^. Aj| S^dVI AkjVI ^3 L_J^)Ld3l 
Au*\U\* <0 (J 3^- aJojujI 1 Hje^q j dljj^^o A k k^x) (_£ jl_d dliLoua 1 g \Va (j^ a) 

^1 j-c tGciAs SI 3^3 (j-® 6 (31 jkll ^1 **Vil 3 ^ t^il jll 3 j • ^a_i^. jld 

^gllll AiLuj-all (_^l ;^aJjJ!l3l Jajl JJ AiLai^ (J 3 s J dj'S j -o S jld-a A J n Un dldjjjflSl 
LlSU> (JjJ^SI A_S£jouJI Lai . Ia^. jj^ iJajljJ-o c_j\ )^'q n*il 4-ajj -la3Ld 

C_J^)l^lil! j-a AaAsJI ^3 c" llxiy'unl Akl . L..aJra.9*u^ ^aJj.ij dlk 4\~\ /ti (J^l j^. jjj£jj (J^dLiS 
(jUaj j-o 1 g Wl\ dl W uill djljj ^-Sc« ^-ujLjjVI S-AjAia ^ajkj 3^1 (_£ J'»^.)ll ^jJall din Vi 

Ad^Lo dluul A q j j 1-»11 c AA> . (. * a SWl t, n ^ p jd aJojojI jj A-jlaUll (jUaj J] jsliill 

u A y*n. W A_jjauJaix a j Ajua j-c AK /till jk^J . ^ mjlVi* a\\ (Jj^jouil 


I 1* >n 




jkdl S$.li£ (J*aj Lc Iaaj tJkLill l flj^a,*i j jA^dl jjj jn^ll aJsLiSI (jsl jj ^»ac. 

aAA jkdl A K wia ^Jc- l # ll»MS dLijd jVI cilLiA j£S . Ia^. Adakd-o 

jkd SjAuLlg AlajL (Jda3lj .AjjIjj^ (Jjk^. (^A^JadJ jl A.j.kaj (JLaxHuilj 

(Jkl^j djU-dl (JL^xIIujIj ^jj)^*n>i (Jkl _^i]| < flL-dl ^3 c > a ^aj-^a dlk dl W x\’i 

A K .^Lx3 A.^-^Ij Akjjkll (jl (jial^stJ-ujI ^Sj 6 ^A_jAj- 1^. A j^nlVay ^ 

SI tj?\ cjjVI a_*jj ! 31 ^ill dL-dl ^ jn^qSI k^)l^)^. a_^.j^ jjl 

Adak^d A-^.J^ 6^A jjl ^daljSI (j-aj 1 100 K jd (_£jld cMfl — J L_JjjdJI GclAs 
dl k (_^ ^pkl A huikw ^ 31 t — fll 1 .^ 0 'll (jc- dLo , 3 *-° ^SlkA (jiS . dLlnlakSI ^ ^S I A^. 

GaN — SI l^dj cAijjtJI Sjl^p. A-^jA ^Jaad (jl j£-oA Sjl^p. dL^.jJ 

31 3^ 1 — fll->-dl (j^j ciS^-^-^SI j)l Vj .Co j l-jjjolaSI Ti0 2 jl IVIn j ^k-^SI 

Jju, CS - ^ ^ _9 jolg1! GrAs Sli . l^ldl Ajjjt-wo ^A Idajl oAA AjjaLiSa ikA 


A.iV'j'ii SjIc. tGclAs ^3 (jjl Jjil L . ^■ L - , ° Mn (Jjlai ^ jA 4(JliLall 

<j]lc. 4 j* Till dulS I jli .a^jLJI MBE 


• GaAs jjUI cp MnAs jjiJI J^a J] 4 jj>« Mn —II cjlji 

^ Cpj ‘TIOt II 1 . u ill jj jjj£j Jl Co II (Jjaj 4jIA» j^j ^glcj 

V] .Co II ClAjLA^j j P) ^llll -L1I3 L_Uajljjll Cp AiaA dljlS jl 

jj^j jl <_Jaj Co J L_ljjauill TiO? II jl J_gll J4^“J (jUaill 4_iij dlljLma. jl 
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£ jjJa ^3 j cl jdVl . ^^_Aji A3L^. dc. A_ljj£VI jUd LS^ jjj £-° j^lj C_daj 

£-daJ j^ld jq Vi (jlll jjl^ll ^dlll ^Jj Ijldj c jii^JI I^A ^3 c, ? * l^lll A_x-aj-adA3l Ajl ja3I 

dc. (J-axj o-liLo A_ijuiilaix_A jaljj dLx^dl jlj jjlilll ^3 jd-ILlA jj£j V 35 cdljjjai 

. jjlVjll Ajlij 3 A-9j*-ll Sjlj^. A_^.j3 


j jl j . Ajjjuxill did j jj^lV I dl jjg Vil ojtAKxi Adsld ^IV^a'I 11a ^^.gd Sjja 
S jig. Vi jAj c 1() ^jjd3l ^Lix-a jjdjjljj jl c(Monsma) l-odjA jjdjjljj ^ S jig. Vi 

&3C.13 jjj^ll j^3 ^-ujLujVI ^xlAj-aLill IaI . jkli c_dajj jfllj ^^ic. jiVi l_g_jl ^ j* a 1 c A \l>A 
jjr^-lj cLiaLaI dlC-ljl jj^-lj . 0 3c. laj (Si j-Q jU/i.a) (.“ IC-lj jjj A^adlA ^aJjd ^1 
l_g_C. ja^-a ^3a*J ^jill j^l -^r». jJ t jjllUll jaLill 'll a Aic.j .1 _Luj^C. £_a^-a3I 

^3 llli .fiAolHI AILua ^ s> dl_jjji£JI die. lull jl^-ij .^x.a'vaII j dic-lHI ^ jjj 3g *n11 

^l_A-x-a ^3 A_ijaiildx_A]l dl^jall d±il£ lllj .£a^a 3I Aq)VlA ^Jl dlL*-aj clg_3 IjH^ j'lx 1 * 1*1 
jx-aJj I jjj£ Jl* iTl V Aj j^-a 3I I ^aJjdll dUjjJ^Sj jlfl cAjjljd ^aJjAdll 

JiVlj Ljj^Vl ^aJjAllI JaIj^. djixd iljjoi^C. Ajjljd Cdl£ lljj .Ldajl ^-a^-aII 
A_1£jola1I IaI .^x.a'N.aII jj-all jl jjA jA dAC-liul ^3 ^£jl j^. jjl jj A_IL^. ^3 dl^-ix-alj 

jl J 1~NJ ^aJ jdll ^1 a>^ . jJaidi a A_3 jldll J jl LS^ ^ jdll ^1 ax«o j jdu jjl JJ ^3 

jAaid <H31 j£j 4 ^ja^L*1a]I jl j^lj (_ ^ jl jl^l ^jlll^jd jjlJ jjAill A_ili^ 1 Vax^i jj^J 

A_i]lc. (Jfll jj L_fll_x-ajl AjaVi A_j jxj-a ^11 A3ldaj 1 3A .1 jl^ ^a~n aII j x«oj ^ HI jl^HI 

. jkl jill ^ic. a3j^JI 


jsl jj c fll x^»jl j L_flL-ajl ^ic- A^ajli A jWi dll ji^-d jial jVIujI (J J^ J 

A-xuii Ga(Mn)As-AlAs-Ga(Mn)As j-Q ax. ju^a A-jij o ji^.Vi cdkk^ 3ka .A j x jAi * a 

jlfkVI J .AdaidlAll ajl j^JI dL^.j3 dc. %V0 c.“ llx^a j AjxjJaj* a A-a jIIa 

j^-U. jIaxHujI jl^-o] j^-° (AlAs) jkli c. \t.si j (jid j^-U. (JIaxjjujI jl ^a o. \i>II 

A_^. j 3 l_*_ila ^g3 A , n xxi II jlddV I 1-^1 • (Jda^l 6 3 j^. Adi ja jA j^-aJ Ia 1 3A j c tilyuoi 

cIaiaII dilHI S jjg.Vj & jig.Vill oIa j^5 . Ga(Mn)As — 13 a jJaidlHI ^jj^ Uj- 

^_a AHlc. ojIj^ dl^,j3 jl A3jxll ajlj^. Aj^.j 3 Ale. 1 g Lc. ^a^ i >. i Uxi jA HljA 

.^Jc.1 ^jjj£ ojlj^. A_^.j3 dll AjxxijJaj* a jk I jj cdLx-ajl 

LujLujI ^A 0 jjg Vi II olAj . ^AJjdll JK1I jjxiAll jjluljjljj I J;dl J^lj 

A_3 ^1 ^.^-xlllj . jLiAjA^. jl jxxijA j* a A_3 < a jx^oaII j ^ TiaII jj*3A jjjjujjjljj 
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SUa jjaaalj . L-A^x^-iaII 1 g x a~njj 4dUiill ^^3 C t lW^iui<a ^aJjd (JaI^^ jiL^J (j! jA 

jiL^. A_K^)A C. t 1 Un 1 Ia^SJjoia Jj <C._^jolJ (JaI^^JI (JilL 4A_illc. A_K^y^.j a3 ^^Jl A_illc. 


jiUJl (Jj*_Lo (j£J dUall ^^3 ^^jU^dil (JiL^Al ^ulij^j^] jj^di (jA Ajdilj ^ xxijlVia a 
SjLuol j^nlaj dc. 4 131 .AjjKVI (JaI^. ^ Ajc. l <al“'Aj A-iIs^l (JaIj^. ^^3 ^-uuiaii_All 

A-ilalill 4oUall <lLalo ^^ic. **>j3Vi» a Jaa. (jdflaJ jl 4<U1 ^21 Jc. AdU^gd 


. <. s^x^aII j ^iLoll 


Summary d£LaJl 4.13 

1 g ks-j* ) (Jl_A*jjail A j f\ j 4 A KxiiU \x a!1 AajIJLaII ^)Al^Ia } (J»*">21 13a ^3 UdsU 

a 2L^J1 L^liLlnJajj ^)Al^la]l tiili (Jjaj . (j^ajx^rsll A^j ^Ac. a 11 (Jj^-dill ^^3 

La ^ykl j jI^aII ^.Ujd ^A1 ^_a ja^II ciljjl <1 ja 11 (jA .Via’i dlj*\ ll (_^.W*llU La*_9a LxjI^) L^J jA 

* 

A,j x aj3-i \k a!1 Aa^UaII a2UJ1 A_LujLujV 1 dUifLull (jA^jj .A^AIx_a 11 diUiV i (jA A_A1 jUa jj 
(JaaS (jA Aa^IaII 0 j^^-Vl (_)s-i* } A_Iajail^J LaJ^) 4 ^jqijJajx-All jiUJl (Jjuoi^J (JiL^. ^^3 
dll jjg Vill ^3 AJUJI diLlnldll . A jxxij)Vi» a 11 Aj^illl di^Lx-a^ll j ^aJ jdll diLal ax*o 

jI^aII (jA dllc. j)a~n aIj 4 A g (jA A , UxiiJVm a!1 A-ajUaII (J^xAa A_jjgjl j ^jl .V^a i ©3 j.h<a 

dllij JJ^JVl cilU £A J . A^Ka j A-A.Vq 1A A^JLxa dlUlijj (jA LgAlSl^J Iaj S.^».a\1 

©3j 3^. dlliiiLalij dll jjg Vi ^J1 AiLdaj 4(Jda3l Aj^JIxa dll^jj^iujj ^1 ^a ^LaI ^-iLill Ajnuxill 

di^-ill (jl jS^aII j)A 4^-31 ^11 (_jia^)l dll qjikillj dll jjg Vill ciiL (jkdL (jl (_^lj .UK 
^ajdl L_i jj3 (JaC. (__^Uj c_s^xjj (_^H1 Ajn Uxill diUjj^jKlVl cji^. ^^3 ^aIIxaIxjj 

.Aa^UII djl jlxJ\ ^3 Uoad^ll j ^I^aII (Uc-^ a_ujjUuV 1 ^.U^i^ll 

Questions JjIula 


(_^ jl jjll j i£j)\ jail (^lill^ ^3 AajIIaII c__Lui^ 1 4 dj^3 — dllli ^O^a} (JIax!1ujU . 1 

(_^1 Co(30 A)/Cu(20 A) diU±Ull AjaKI a \* a 11 UqjUaII Ajjoij j (_^)KI*!1a] 1 
dll_A jUaII aJ jUla Uu3 33^ .6^)^)Sja 25 (^) J 15 ^c_l^j 5 |l| (jA L_alUj 

4y = 0.7 ^gi^lUl ^)UIjj ^a3*J ^LaIc. (Ja*Iixjj1j 4^,'axII diULnll (JU3 (jA A_iC. ^lll 
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SI ^ 


— 10 A-iC-^SI ^LajliLdl ^)ialjj (J-alc. j 

Pt 


CjI. 1^ ^11 a £-a .1 jI_ja11j A jj.j.nJV'ia x>ll <LajliLdl Aj-uij £3 j!L (J A .Co 




ClAjjjJ^SVI CllliUaj ClA£UaiSI AjUuJ (jjjJajx-d InUtn CjliLIaj ^3 .2 

^-jujjj ^jLuoj Ynj^k . ^jIjjSI (^£ jLujj A clulj jl.Vq^j S^^JI 

• AiiUall jhM 


e k,t 


Irk 1 

2m 


A 


2 7.2 


8 U “ ' 


r£ 

2 m 


- + A 


^^.Lill ^L-a^jVI (jl L»Ja^)jLa ^Jajuj XlC- A_SI_^. L_lUaillujl C__Lud^.l 

CS)1 \ AWl (jlj ((20.13) a_S.}1*-a1I ^,'iVu J j A^LLa ^j-a l^)jj£ cJ^ aS^I-iaSI 

A }'^ ill A luj. j J-i i» aII A-a^ULaSI Aj-uij c_jLoi^J A ^ n ill (2 -axJjjjI • 1 (_ £^Lujj ill ^j^i*_SI 

.(julliere formula) jaJ aI^U-^ J I a xuA j 


6%30 <_£ jLuij AjmjJViat a A-a jtLa Ajjaij J c/?A = 4 Q|lm 2 J A_i£ij A L-a J ^ QxAVl .3 

(jiajc-j %20 ^paljjaL *150 mV jLuij ciulii jLi^Jl 

Aaj jjj^SVI bj)\-u iVI Ajjoij ^uA'i ^1 .lie. 4 250 MHz 

?Lii£ C_fl32 0_i^jJa 0-i^jJall <jl£ 131 20 dB (j-Q ^i^l fc^all ^11 

(_^jLouj 4 As — SI Ga(Mn)As — SI Mn c_ul^JI JjJaij .4 

t C5 Juj r daix-<2! ^j*_SI Mn — SI <J^ u' j^Sj •(5/2)h Mn S j3 

.lie. A ) a x> j 3-a lag a II Ail!i£ ^jIlLa La iMn J AjLujVI (JLaAIjj 

?%6 ajLujI 
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(Jx-rogll 


^uuIajL^l jJpJI j-uatlc- 
Elements of Magnetic Storage 

/#\ t « e 

i<LuMj^ (jlui (jk IBM ilAjt j£j-4 


^dtf 1.14 

Introducation to magnetic storage 

\ g JQ3 . L_ul A-luLllajjt a \\ djlaljjai 

<c.^uij ^)j«^ o-° 10 nm SI AiLai* ^ic. \ q\a x> Ij^tjJ-Via ^ 

(Jj~> wi'i (jl ^ 15000 Jj-aj 

l^jj ^j| L_ul£ll LaA t^^ULaSl |j .1^.1 J ^gjallSaix-G 

A_illx]| o^a (Jx^jj .100 Gbit/in 2 dalilj^j Ij^nlVia a ciAjLij 

^3 (Jl ^^Vl A lju>i 4_iix-all ^3 4 _u^I_1q 03^ 

^3 ^3^all ^ ^j]| (J'Wi A A -boulalx a\\ ^_ya\ 

I^IIiaAIj c.” ia -n t,'li ^3 j . CjjliLa o^c. I^_i3 dll j)\ xm t. *iV I ^Lj A. c-\ u^i 

CliLujlLoll ^aJlc. ClllkJ o^A C n^x> <1 jIa 

^ ^ **ij3-alje a\\ J-i * *1^11 l L_lL-all (_^a^)ii]l A^\ jxm C alllli 

Cljliila oJlC. jouJajx x>ll ^ u^ijj . (Jj^-ujLill 

A % * * 

A jmjJVia ,a\\ CllLliIa]l ^^Jaxjj .^Lillc. ^U.jll 1.1^. 4 _aC.Ijj A A \ \,\x a 


* * Jordan A. Katine and Robert E. Fontana Jr., IBM Almaden Research Center, San 

Jose, CA. 
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4_L-£alil! AiLauJI 6 (jl <llLajj (ojlc. is^" $ ~9 ^LuixJ 

^j! c. ^ 1 ~n i t (Jj^_ujj]I 4_jl nJ ^1] i£^J^ **»jl*> *^* 31 Jajuj^ll^ ^Lt-all 

.1^. jnfoj j AjLa^JI IliiJa 

^_lc. CllLa ^i*3l (Jjl^-iujIi] LiJajl (Jj^. L>“' J 

a 

Ajli tjLuVI J «lJ^ (j- 0 L — ^3^ LS^ diLLiJI 

^tij] Jajlrs lA\\\ <^_jLaui (Planar) 4 -^Jojuia <^JLx-o ciaLu^j 33 **-LoI-j u-^j 

cojlx. AlTiC — S' 3* t<L-£3J-Q A-ifL^'^luJ ^Ac- 0^,3' . Cl3L«a^3' L-fll >.S^')\ 

3* z\^u)l\ 3^-j (Lapping process) l&-3' * jjj^j 

AS 

J£S 0.5 mm") o^jj^S' 3° 3 WVI ^^-Sc. ^jl^j 3 ^' aSUS^H ^j^aaj t*w)o^)3' *wS\«3' 

_Laj'^)jail' ciiL Ajl^C .(1.14 (J^ xxl ") (IjJ^j 

* 

(Air bearing surface) c-1 (J^jxaII ^ A . ul l AjIa^J ^jjl j 

AiLlSJ AxjI &AC- tilljA ji LiA aLajA^O ^jjjaII ^yct . ^uzi Aj^ljJ - £ jjoj ABS 

JJC- bjjjJjo] ajlA j i Jij^all bjjjjjaj (Jj iAjj jjJall Ldl ^jc. jjJllj lA.ls.laj __)aj jJ (_jJ^}]l 
. _\ . ^»q\ 1 lilA Ajlgj 1 »^ r - VliiA ^_laxj j_£jjj liij ^Jc. ^jj^jjiiSi] A9^11 a 



.Jajl jjit ^Jl AilijI! J° sjjjjau ^a5j t Jja-uui! Aili __>J A-aJa. a -s. 11 . a" j*j 1.14 

(jia jjlaI! „\\ ^jL^UI «ii jaJL Jbui aJC- tiUlI A-ajli ij .AjJljil CilUjia ^Jl ^ 
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4 i s-ljjl ^ ^ AAiiai dlli jLu CllLjaij 

-* 

cdlldl! A_LaLoj ^^_Ajda j .A JVax a a cdald (Jdd A_ilc. dal-A^lx-all c.^ a*a^*a t(j-a^)iiH 

4 11 Ailadll a w'Vij .track ciUuiAlla ^IjaII ^^Ic. ^>la 3 c. l.Va dc. a_H-uia 1 I 

j, w'nj .(4.14 j 3.14 (j^^dll^ j Ldaldll ciiluiAll ^g-lc. <L^-uia 1I daliill 

^3 AjjjjJall Hal jt - jlillLa P w C_Jjl£ll J (cillluiAll A3lad j!^ ciiluiAll q^^jC- 

Ailada 4 ,j1vn 11 A3ladll c_J^)da ^^^3 Aj^lamll (j^Jdll Ailad La I .£_lix-ali]l c.Lia! 

.cillUJl 


A j^nl-Va* a dal/L^-a A_ujdLdAll A, La aa a 11 dal 3 cdiLdll Ad^^JI 3ljjj 

4 j^nla'a* a 11 cdaVl-VAll cilia j^iuiVn oc-1^3 ^.Ic. (jjal^ll <_£ jWjj .^)1jAH ^j-a^ll 

> # 

(jMjjj d alAxunl All ^^Ic. A^j^-LaII dalalnll \j_jla tAd^^Jl cillia Va^aLoH 

AdiaLia c_fljjaj LaI Ha jj . daVl^ a 11 cilia (j*u*iVal A : \~\ a JaHill daHLo A_aj.H 11 (Jj^jdall 

ijA oe-Hd ^.lc.1 4 j^nla'a* a 11 A_ajHa 11 dal my a (j^dla iA-illc. A_i^Jajaj dalilada (JaxII 

% 

^pajj^) A_all_^Jl A_a^)\ Vail 4_Ax-all ^ya\ j^\ diHljjua ^ja*s ^3 (jA*dda ill . A'a^t aII dal^rs a 11 


^Ic- AijJ)*s aII dalaLnll Ss-l^al (GMR) AJl^LaxII A j^nla a* aII A_a jHaII (J^lLq (Jidda o^l^a 

. Aj*uj)Va» a 11 (j-al I 


. 0 
w % 


P 

19 

^ T Tfc>. ^ 

g 

QU 



jp lOOn 

m 

(H 


LK 


- K\ 


Hv 


djai 


jl_j^_j| jjjujaja-d 
Sj^J 


aKVLa c40 Gbit/in 2 AaaJa*dl 4iall£ (j^al jja£11 j$y A 3 jj-^ (1) 4.14 JduJl 

.(ja^aII ^Jsuddj ^uaj (c_a) ,f| j^il (jd jjlaII ^IxuLl c_dL^. ^a 

cdaLa j)^a! 1 g ua! A nu alVaa aII ^juujI ^^1 1 6 (Jj-^ 11 1 Afc (j-o 2 ^jai^ll ^3 

3 ^a-u^ll ^^3 aII j c_alaldll j (Ji^-dill Jaj-u^ l Aj^liill c__iix-all (_j-a^)iill A^l ^uj 

^jadll lAA ^^3 IaI . ^juajJadt-All (Jj^-dal! ^3 Valla A 4\x‘*a a!\ u Vail dalaHa 
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C1jLujHa]I £a ^ .all dill 4_2»»! jj ^jl! dLj,W‘ill ^ x^Vidi lAjjoiS 

du Ijjll A* 0^1*1 ^jauiaii-xJl JuajouII dlilu£ J* au Jill dliliull Jsliiujj tAuJull 

,£J^>a]I (jljvU 

ljULuII £> <_ji l^jLLukjj 4 j. i.jku *ti 2.14 

Fundamentals of magnetism and their application to storage 

(JjVdalll ioui^j A^/alvIl (JJU 4 VI 1.2.14 
Fundamentals pertaining to media 

.oUuY' 4jajx-<uill dllunkJI ^)4j£ .3.1C. Cy* 4 luujaj* .all dull t- a\1'V\ 

t8 nm (_$ 40 Gbit/in - Cij^ dil i 4jlLaJI diLauiall ^uLUl j^j 

130 Jjaljj liAj <250 nm 1$. djc ^jLouj <35 nm jaJ dull J jL ^jLouj 

_' ja. ■ aj 1~> . ■ j ^ ; 7 - ■ dll ^Jl a jldV I 4_ud jl ^ V. , ^ V 1 (Julaull lajj . du (J^l 4 nV^ 

dull (jl J J . du J dl±U^Jl £-A L_bujljjj ^JUXA 

(J£ ^9 dll 11 ^ic. -lali^JI i. > 1 ~nj ;^Jc.| 4_i^Ja-uj dlslu£ J^j'qVil (J^UaII 

(J^jW 1 C > 1 ~NJ 111 .^u^dall JJ dJjujV! 4-lull] tJjlA ^jUxAA ^Jc. C-liU^I 4UXJ du 
Sjaj AujouIAxaII dLin^JI dLujA-o 4j jj ^jll dlu.W'ill ^g_2 L_iliajjj . A y\\-\ II 

Aijlill AuajJI Aujuuidx-JI j (Coercivity) Aj^nJVia a 11 Aj^)JI ^jIia JJ aJIa^J 

. (Superparamagnetisn) 

Aj^_k]l (JL^a ^)ixJj . ^JjaJI AujaAsuxa _j! Jdul ^jc. A-buujaix a 11 Au^Jl]l ^)jxj 

1 g 1» j ^UjaJI A J-a tag a a!\ ^»J}UI Jdll ^ l3Vl» a 11 (JI^aII Sdjj (jC. Aujoulajx aII 

dVl-NAj (Permalloy) ^ a^j uh I^Iaj Ju*n3Vi« a AjJall jI^aII c. ^A’nj ,\jkx^a 

Lol .4j**n)Vi» a 11 <ajUI jl SdJLuj dVl^-Q ^jl (j;^ tAiuxda Aj^)^3 

jJpJ! -LajLuij ^I^a ^jA^k j . ^^.luj^ylJ A ~\\ \\ A a'I 

^aaIa. jl Jj £_a tCoPtCr — ^Ijjl (jA La (J AulL^Jl AjjL^uII 

^j| J C c£d>y^ ^^^.luu^UI o^luj j^2 IguS J j IaI .lullc. 

dll j J J Ju*'a" iji AuaC-V I L_Lu jJj » din ^11 ^juj J-a^ll 

(j^ajill ojLa lf~, j|_dc.VI Sddjj (Seedlayer) Sji 4ajU jl"d"i j ‘Aullc- '•Jj- 

. ‘LLaxILuia]! 


.^^.jHaII) Ni 8 iFei9 uju^JIj cJ%jll <iuj 


n 
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La p jjjr xs-i Appl^ix-a C* ll np ^ u^i 1 V^x>j 4£c_pjCa]| a 4-luij 4_pL ^j-a j 

4j_j 1 ^pJI Clllj jliiil 6 1 .Ap I ^jjx x^o ^ xtijJ-a lat .all ^Jjup-ll ^ ^ u^nj La.llc. ^j£j . (j^-al 

4 j^nJV^ <alL Aij^x-all Ca^jAUall a.AA c > nVi pj 111 .AajIjCuC. 1 g *i3-i^ag x> ClllAlpjl (J* Vi (jl 

A 

LfjSki a JLa ^^ic. 4jj^p««all <La^Lt-all ^jlpillujl Vil 4ll3jp]| 

! J X ^LLtAll All3jp]| A pnlalx ^all 

x = To exp(K u V/kT) (1.14) 

iajai jIa j& V j i^UEUI AiiUa ^A AT W j t^jaLylliU ^g-iapll dulfi]! jA T 0 Clip 

^-iLaJjaij V lill Iplal J •Sj^pJI 4p.jA T j 4(jLaj3l CluL /: j 4<iipJl 

^gjaLyij a«l<a £_la] a-lp^ll <LjjpIa]| <jl3 t!.lp AjJai^-ia a^)l^p. ClAp^p .lie. ClAii! jjuJI (Jiauujj 
Jajoi j a jLjL ^A 4_iipJI ^.-p ^p (jL-akill ^j-a 4ll3jp]l A-LouJalx .all 

iJj> x*iM ^_£^3l dlVlp-a c > ^3-Vn La l^Aj tJapj]! 4jp^_3 ^j-a .Aj_jj ^ J-*^ . (Jjp axiMI 

.^j^ajill ^ic. ClAjLnl! 


c-ulSJb A-ualaJ) (jJvJi\ 2.2.14 

Fundamentals pertaining to the writer 

(jxijJVi * a a Jji3_j S-LoiC- ^yo ^ (Jjp xxiMi (pul^) 

<C.Lolll L_3^)lic. (jl^)jC alplAj L_aLall ^3 ^£ppj jLj .a] jJ J .(l_J — 3.14 (J^JOlll) ^)J» x^l 

^^3 (^^ic-Vl) (Jij-uVi ^pC 1 g Vix> 1 jxxnJV^at ,a Vlp-a (A^Loi II L_l^)llc. (j^_JjC alpjl ^_j-o£jtj) 

I J ^ Jaxj c_aLall ^}£pa 


tf = npoi/2/f (2.14) 

jLJI jLnll jA i j 6(4 tt x 10 -7 Tm/A) Ajilij jl 0 j idAiUI jA n Clip. 
^3 (Ni 81 Fe 19 ) Uxi ^j-a LlA* C 5 ^i ^ ^ L^a'i ^A Rj 4C_aLall 

H ^ (JLpall ^^-ap-a (J jLoU 5 ^LpV^ ^ .all (Jlp-all (jli CL_aLall _^£_^a 

lAilyLiJli lillc. H J) B 4-iuil ^jC- (j^)Lall ApjjJaix-a j 4 jLilll °cljJ 

B = H + M = \± r H (3.14) 


J 1^3 ^j-a 4Aj^)iall ApjiiLaix-all jl ^all ^ ji r ^ jLuij . AjujjiII ajLall Aj^lil jA (I r Clip. 

c.“ Uj.nl fi r ^pi3 ^jl A*\V .20 000 ^ j..n A'lx ,a\i (Jlp-all <jJai^-iA]l Cic. 4^>J A^ipj 

Alluilll Aljlilll (Jj-aJj ^llClVi (j^pall <pulaix-a (Jj-aJ t// 1 A_l]LtJI ^apll Al*i .AlLll 

.^.1 jll Jj 
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^ul J J) l 1 Lq] 1 j ■ " ' 1 ^j^jLall aJ ^ ■ .aj .—Laj 

^aajl o^c. a^.li£]l oj& ^)JjJj .<Jlc. ac-li^J c-l ^-il ( _)Ja^)X>«i]l ^JajaJI .lie. c . iUq\ 1 
o^Loll 1 ^j 3 SjAUa jA (Magnetostriction) ^^jouiaji-all j>^i V illa .S-pla 

(_ 3 jUaj S tl V' , ,.l ^jj I jU'ia .(Stress) riK^tl il ^ --.V' i _ u..n ri .. l, "..'^ >l * *" 

^)J^)A A]jJ <1 a*I1u1a]I AI^A^ £_1A^J AAajII C1l)IaIx_A 

^unl ^axILaaII (Jij-a]l 4 j\aC- dilA c_aLdaJ . (J^LaII Ag ~nj 1 xd L \\a\\ ^3 

£ * *■ * * 

^j-a^lill CIl^IaIaa dll A A j x ai j 3-a \* a 11 jI^aII IaI « &aIa 1I ^^3 (JdAj 

(J^LaI! ^3 (Jj13 ^-uillajxA dl^luj ^La-JoI lg_i3 L_J jt- Ia^. <jJaii-lA]l ^ a ai j 3-i *•> ae a\1 

•* 55 f 

^3 (_)a*JjAJ 1 3] J t ^ l »l)kl» ll (lll ^)A^->V)\1 ^>A IjUc. 4_i]ld ASaIxMJ . L_llaa]l Jj| _J ^3 J 

.4iLs^ AjjujC-1 ^ja j u^oaII AjjUdll ^xja-n 

^ ^ (Saturation magnetization) ^uI^IaII 4 n x nJVi* a' 1 j 

a] jjj . (_£^jA]I (_£ ^JjolaII ^^3 Lg_L-al ^_3 ^jSa)j coAIa]! ^3 ) ^j! ^jSa ] A ) a At )3 ^i*13k a!1 

ajjj (Unpaired) 4-^. jl jIa jjc. d_iljjjjfl]l ciAajjAj ^ja ^aja^JI (j*nJvi» a'1 A u^\W\»a 

CIiIaj j Aj ^ ja~n t ^Jjaull Aic. j . Qj'm a j ^JLa^V 1 ^ xxn3a ixa\1 C5^ (J^ 

AAC- (jA <XJ-uj1ia]1 4 > Uxlj]a ')« a\1 L_jLui^ (j^-^ ^ . A-jj\, VlA 

Jc. ^AJJU Cljljill (j-°J A^.jIj1a 1I ^iC. CjIaJj^J 

LS^" J u’^'ill ^c.liill 

<jj ^_3 6 x*nll Jajuj^l 6 jlj_j ^ \x') tliLAjai IaI 

^)^)aj oAjoi Clul£ 1 Ag a (Jj~> a^i'i c > a 11 

AaC-j . L-llaall (^1^) ^3 ^Jjaoll A\t.x\\]^Y» ai Aj.W a ^ AxijJa )» a!1 (J^- 0 £)\^ *\a\\ 

1 1 J Laj^j ^jji\ _j ^ja ^3 ^ AxijJ-a i» a 11 (JL^aII ^ Jaau c ^Jjaull 

B ~ 0.44 fi, tan“'( gl 2d) (4.14) 

^lla3 6 J)>3^ ^A g j CL-Ja^l! Aic. <*Jjol1a]I 4 jmjJViat a\ 1 5 y C*’ n^s. 

(jjj ^)aj . ^jujJaixAll Ja-oj ^ j L_liaa]l ^ul _j Alx-aLill AaLuiaII ^A d J ^ L_ul^]| 

(_$ jLd 4<jjlaAU j ,(5 y = 2.3 T) Ajujolia 4 juij)->i» a aja^JI 6aI^a11 ^ja^ 

.0.6 T AjujoliaII Ni il ixa (_^jLajj ; 1.8 T AjlLolia]! Co ^ a 

A^\ \ Utl d iIaX^uJ 6AAj3^)11 ^AjoiC-VI CIjIa (Jj-VxaMI L^JJd L) -0 JjVI (Jl-l^-Vi 
ASj Uxill ^^A L_llaa]l oAIa IBM c." )\a»'ux] 1 aAC- . L-da^ll 


547 



AjAaJI JLmjjJ (j£-oj V .(B s = 1.2 T) ^ Vaj (B s = 1.7 T) Ni 45 Fe 55 

(J!Lgj . ^JUlII ^.A*n)n aat a! 1 A-Sldaj tSdm^Vl j (J^Liil Ada jULa <« i./i i * an*] \ 

JSLill Jjdj tAJlc. ^ uTi a a Jl A_^l_aJl LLxuj j Ni 45 Fe 55 a5\ju21 

dll 4 jl^A LilLa. ^^C-LuIaII ^)Add J .L_llaa]i (Jjjl^ ^3 ^ ttljj-l 1» A 11 JJ^Vlll J 

cilj\jjaill (j>i» i c. ^.^“n j . L-aUaSV 1 (Jjj JJJ dl3^11 j 1 ^-ida Aj^nlVaa a 

. ^1 ks~i\\ Aj^aJlj Aj^aldll ^adill ^ J-iVn <jl ^jdaJ Z? v ^-da g-l.x^Va. -VI *s ^ ^1 

. A t Uxi,Vig 11 LgJlddl ^ja£j£ L_aUa3Vl JJ^) (* A^.1 jj A_j^xj-a ^)j£l LaI 

^Ic. daldll A_jIj£ i4Lha (_ya^)C- £.1^-11 (jd^)*_A]l ^Jadl .lie. L—Jnall (_jjj!^) 

c^^lc.1 ^lill A_iaJa-uill AiU&ll dal 4 dlliiljjjdll (_ja cJ^ C 5 ^J . ^ ^nlVa* a! 1 ^-a^ll 

dll 4 2002 ^Ic- Jaxuljl ^^3 <3 jjola 1I dll VTiaII j-ad LajSj . i4Uj.ia\1 14a (_jd^)C. (j-aSldil 
.350 nm c—Jakll <jJj dc. l*Huia 1I (jdjc. ^jl£ ^40 Gbit/in 2 — 1 AjjLoiaII Aili&ll 
C > vnj o$.li£j £.l^_il (_ya^yuo\\ ^Jajoill ^lj ^ ^nlVax .all J^3.lll (J4i Adu Ajl cii!4 ^lj L_flldaJ 
LJ Usjj .(40 Gbit/in" — 11 ^aAj^=u ^ 2 jim qa Jjlai) ^jia <jJ j uj -^2 lJ 

.^Uj^ll L_ 11 ujjj]| _>^11 1^-J A_iC.lj A_id Val ^glda^ll Ad^lall ol^)j S^uj 


LjLai^aII (^yuA 3.2.14 

Fundamentals pertaining to the sensor 

S^l^jill (J^l jl^. 1 j (.** a^ a l-^Ia jVl ajU^II j o^l^ll diiAjdujl 

JjjIL ^.l^x'i L-aIaII ^ A_nl «^lj^ iA-jjVsa dij (jj3 ^pj|^)ll ja j 1 a\)^ j .A_jllj^ll j 


'•(j\*\ jla 


E = -d®/dt (5.14) 

jLjJjI ^-q j .Webers (wb) ^jjILj S jiLo l q'aII ^1-*J! ^ a!1 ( 33 JI O dia. 

^j-aSLij ^jl ^Jj l^)lai3 . A K2ia AIi^-aII 6^1^11 Vi ^ u^al cA_iaJa-uill dllill^ll 

ojill ^-1-ij^U j\\ Aij^lall dljl£ 4^)-a^ll Ax.^)juj (JA ^^joil (jl^ dlldll jLxj! 

(j^3 1 >.s-ix ) dal qUll ^j*n.^a jl tl^jlil S ^A c. <a\ a\\ ^^3 Adlj^^ll a£^)*sa11 

_jJjJ La 1-AAj tdiaJl (JaL*_a (_[>AJ l ^1a11 <aj11a d llilll 6 jl_a_j . ^paxJ 

> # 

A_a jLLq ^1 ^aj A'a^ a! 1 dalLti^k a 11 ^jc. ^ajjdujl 141 .A_al4^11 ^IjjI L^jI^I Lulua 
.AjIj£ 11 c-Ljjl ^3 l^jbl ^jjAtiVal l <a\ a\1 ^jax.^“i aIiaLj c.** a^ a*m A j^nJo'ix a 

# > 5= 

L^HajULa ^3 l^)d-j A luiilaix a!1 A_a jIIaII SjLa 6^jujV 1 A ale- ^ j)Ja a a L ol 1^3 

Aj^xijla a at a 11 A_ajL4a 11 ^^3 (J^^dul j . 1 gjlc. ^alaj ^ ttijln aat a (JI^aI A_j 1 Vuxil A_iC. ^ill 
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Anisotropic magnetoresistance 4 n x n)Vi» a ' 1 4_a jtLJL c_a jx j Vj*iA JjVI 

^^IILg^UI ^jlixjlill Qc. A^llla^Ul A jfcAij3-a \x a\1 4_ajULa1I J j*Aa n .AMR 

4_ajULa]I ^3 ^3 (J^aAaII iAHa ^Wnj . A T ixjuiai*-a]l 4_ilUlijVl ^)j«aLixll d djlaUaill ^9 

. oL^jlj £.\_xax]I 4 JxxijJVlX A J 4jjl jll ^ic. AaJXJ 

(_£jJ-uia A j j. ai j 3-a \x a CLi^\^a Jaxxij ^9 4 jxxijjVi* a 11 Clll^iju c.” 1 Vi j 

S-LaC- 4 jxxnJViae a lilL ^jjAj t 4 jjP^a\ 1 dull <jJ jll LaAjC-j .Jajuj ^11 

diij-ajl . ^jxi-k a !1 ^3 ^ Qxxi^j <Lo jULaII ^3 ^)diu cAHa ^ja ^r,Vn9 (Jxi;\a 11 

^ja Aj^Jlia^ 4 jxxijJn \x a 4_a jIIa C1l>1_aIx_aj dLu^oll ^9 C* iIajmxxi! A*\\ u« AjjoiC-I 

<La jlilA CLl/LoIjlaJ <- QxAVl 4 ^11 ^a]I (J^V? U' •A/?//? m in ~2% <JJJ 

(j xr> a SaIa 4_aj^La dul£ Ail3 iAR/R m [ n ~ 6% 4_i^.Li1aV 4_jjaiilaixA 

(jl J] . tg_i3 ^lx]l jl/j AjAaoII ^ x j.i j 3-i iat a 11 Ia^x^iVi A ~njVi 

CIjVI^aII jls 4_ixA ; ilaix_A 4 j^_9 Ci^\,yA) l qxAT'i AjAjoJI ^_^.ll£}Ul dll A a! ja!\ 

4jjalC>Vl 4 JxxijJVia A ^JJjAd] 4_i3l£ U-J^ ^ (5 mT (_$jLd ^lillj (Jj^-dill Jajalj ^_J-Q AiAllxill 

.4_i]lxll 4 _^\_i1a^U1 4 jxxn)Vi« a!1 AajULaII dlA 

% 

.1988 GMR aJl)Lax]I a iuj. )U\* a\\ 4_ajULa]1 (J^*aa q xxii^l ^ 

A t i^LiiA!)UI 4_ajULa11 dLai^-A (Ja*J 4_jLxj1a ^Ic. 4 a!>LaxJ 1 4jxxij)V l i» a\\ <LojULa]1 dUti^k a 

Aj^)^3 CIjIa k\y a <dLa A Ux]\h\x a oL^jI _jjAj AaIiiaII a\1 ^j\ C n*\ ^ja 

V] . (J*i^a11 ^3 A. oAjo) ^jAdLi t, <a^)^j Aa j\1A\ (jC- cAAjx jJa 

4_ajILa]1 (J^xAa (Jj-al ^jC. Lli£ c. ^Aa AA^LaxII Aa jILaII (J^xAaI (Jj-aVi (jl 

.S^AUall oAA (J^IjlIujV 1 SAAxIIa ^nnjJ-nx a dlliiLa L_illaJjj c<^Li1a^UI 

<3^La*JI i» a\\ 4_ajILa]1 C1j!>La1_*_a3 . \ g qjq V^\ Ag yW (Jaj CIiIajAxIiII tii L (J 3 VnAij 

dlsl^uj ^^3 ^AaxJ-uiaII cAjI^i^ a!1 ^ja~s ^jts !a! j tAR/R m i n ~ 15% 

.AA^LaxII -A.jx aJ J- a ijt a 11 4_ajHa11 i^jxAa A aj*j <Ax-all 

L_bujllL .AA^LaC. 4 jx^ijA '^ a 4_a jIaa (_^A ^jxi'n a\ ^ a~n xAia o^)jj^a 4.14 (J^-xaII 

^3 ^jjjjAjA^JI ^njxxnJa^jt.A'l 0 c." n*\ 6COS(0) ^j^aW <-qj11a 

c t \f \ jilli aaj*jj .30 A (jc. (J^j a£Laxaj tNiFe jl CoFe SaIc. (jiilll (J*i>a'1 

4 jxxij a 11 Aa jULa!! ^j3 (JL^-a j ^ xxijJa *i3t a\\ jx/r\'lll j 4_1 uj 1 xxi^ll ^jjliAiIal] ^AxaII 

^ jLujJ \ g "i^Lajoj AAlla ^JjjjAjA^JI ^jJJAlLall . ^jxi^aW ^La^^UI <3^La*JI 
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dilj (j-o Ajl^Lax]! 4_ajULa]I .40 A 

<a±Lal] 1-1^“ I jl_id ^UaJt j . ^j3u*n3Vi» a!1 ^‘<61 a dc. 4 jj! jIaII C1jLojjJj]| 

4_L^Ia dlliLoiA (jjJJjuuJa la a!1 ^a (JU^Vl £-daliujJ (dAj^^J^Vl c4_lx-al_all 

.* 

t j^^ll ^'Vq^J-a ^ Aikl dldjj .4 _ajI jdc. 1 g aj jd dllALdjI (jl (jj^ (jA (Jd!^ 

Idfc ^Wnj i^a A q'i r^ll daVl-Y aIIj V 1 g'n^ijJa \k a al_djl <jl ^ Ixj I2&j 

4 _jjujjialji_All Alflaj AjAj^JI A : ijauiai*-<JI <a±Lall C n mil 

^^dVl Aj.ij.iiJI A,\k>.\\h\x a 11 a qjJ-ill LaI .PtMn 11 jl IrMn 11^ S^Lja-oSI 

* 

ojlc. (Ja^aII dllijla A x^S ^ Ajmj <i!iia]I d221 ~y a!1 aA Vuxil (jl^jlll a^i. 

.SdudVl (j -0 1 g j^^dl Ta 4_iiLaj 


AijUl ^ AjxxnjVia a 11 oL^jI (.** mTi c > vyj c^jLa cr^" tJjit-dj Aduj 

(JjULa (CoPtCr ijllall (Jjjau ^Ic.) AajI.} A j a uj J-a^at a AAiLa £_da^j tiilJ J^qVnj .S^iJl 
Adjj AaAjA\ Aj^idl dll 3 ciili j)\ jfil>A^\ JajLsLA ll jJj .(4.14 (jSxxill j A^k. a\\ 

U 1 d' .^jUJl (J1 ,^a\ 1 aiixjl <ll_i. AjaIaII a q^ All ^^Jc. Li^ac. S^iJl a q^ All 

a Aq'i ^ja AJlidl dc. ^j^aII aA VuJ L_a^uj ^cos(0) *-a L_Luj\jjj a!1 <LqjULa 


.Uj^j a\]^a k 0 = 90 ° 


^^Jc-Vl 4-J^)la A J j> AjJ-a^je a &ALa ^ja (jdiLla (jjj ^)xx‘i*\j i ^jxi*y a II aA f\t, J qIxm^Aj 

^jIjIA J .(Sendust) 'djjAlljjA jl ^}J 4 ^JU*i ^JA ojlc. SjIa]| tillj ^_alljj j i(JiujVI J 
(Stray S-^LaII ciA$\ a !1 ^jc. ^ja^aII c ^ ^ ^jlHaj^xAll 


(j-ij 1 -N^kll ^jc. ^j*i^a 11 Jx^iqjj .©^)jL^-a 4 j^n A'^jt a cial^iij ^ja A^jLllI fields) 

% 

i^jA y~\W ^j±} <3Laa]I c__fl^)*jj .ojlc. 1_UA jIVI (jA ijfrtftj Cj^A^ U^ J> q J u a!1 

S 5 ^ 

J.W'n ^\\aj.ia ^_jia^)C. . j^ixaII AiLilujVi j o j>q.^ 

^JA3^)C. (JA %70 o^lC" MR W (J*)^a'1 l!1Laa1I ^ jLaJj .L_liaall (jA J ^jia^)XJ 

(Ja^yaII 9jau (JA ^j^i"*k a 11 IaA1c.j .L_llaa]l 

djlj dll VV^aII ^j^a*Yj 1aj3j .(Jsl Q^)jl > a\1 Ldll_uiA]| oJ^jLai]l dlVl~Y aIIj 

.MR W = 250 nm oj^ J c 40 Gbit/in 2 A-i^JajoJ! 


J^a Lai .^^)j A^\Uti i^ya UJ ^ 1 (jl-A ^ 1 (_ 5 ^ 1936 j4c> ^ ^gjaolajxA ^J^-uox ^ ^ 

. ^jj'i^ll %6 j t(jj5jl>n %9 j %85 
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j diUlij 3.14 

Fabrication technologies and scaling 


jj* ujjli 1.3.14 

Moore's law for magnetic recording 


Aslj^ll jL^V (J-IxaIL ^ xxijLa \x .all AcLix-a 

% 1 00 J %60 (j-fJ La 1-ilL^. ^£jLoiJj (_ya\j)S^\ ClAJsljj-u ^3 A-l^Jajaill 

3.^x1 jL^VL a1aI£1a]I lIjI jUI Ac- 1 ^3 tAj^jLLoll yiayx . Jj . L^iuj 

% 1 00 j %60 La . 4 _Lq1^>"ia11 ^3 lIjI 

^j^jUL Lo^aC. <■ S^xj^ ^4 AdjaiAiA aLuiLuj ^3 AjL ^a^iSlI I^A t gx^'i i . \ >.s\ il 

•Moor law jy* 


A_iij ^^3 LijJ CliLojLLa CliLALaliA o^jjoiLia _jy CjI ilku 

^Jajai ^^3 A-i^Jajaili Ail!i£j| -L<uxj t ^ xxm 3^> t» a\1 (Jj-vxxiMI Clillnlaj C5^ J * .J jLai^jl .J^ 

tilluiAll yayu fi^.1 ^11 o^^3 A^Lojuj AJ^jjJa (_£jLujj dull A_ilk A^Luia ^^Ic. 

^^3 ^Ic. A-)a3l a \\ L^Iuj %30 — 20 ^IxjVI 0.3A ^j-aLjj (jl L_l^Jj - ^ 

3^C. -IaIxj 4<IaI£!1a 1I dll ^1^11 A£.1 'u/i C5^J «L>d %100 — 60 (_£jLd Aj^laxxill Ailj^ll 


dLoiLLall j j jJjuj^jI A_iik J 6^)1 .ill ^^-lc dl ^ jLuJ^jl ^ill 

A31j£ 3\j3^I ^^3 (JaI ^*11 0 AA ^}A (J£ xx)l i jlluj__pl ^ill A_ilk dlij^Al Lij.lll 

j jlujjj! j!ill A_ilk dlj j^a! Lij.All dLALoll ^j^W'n J l_l^. j l*11H A >jV\j . dl j jluj^jl j!ill 
dl j j!Luj J>j1 jj 3.ic. ^ %100 — 60 <_£jLa j jldjl J^jWil _La3 IjjIuj %15 — 10 ^ 

Ac. Jh^jj (Ja^jouII (_>« l — 5.14 (J^ U^ OJ)\ ^11 

.2000 ^Ic- ALuj (J!>Lk aLqI^aH CIjIjUI J Ali3j A : 1 xaC.I ^j- 0 

aIaI^IaII j (Jj-n xxnli ajjoc.1 ^3 c^LaIIaII (J^xxill I^a ^jj 

yA£^u^ o^joiLia A 'NjVi o^Aj J L>° Jj^l .vi» 11 c. ^x^oVia ^^3 

Anjj Lai lis j . ^jjdjlajll ^ja (J£ ^ Lp^ll dji-ujlLall il ^IW'ia ^^Ic. "j^Q " 

^alc. ^11^^. ^xxijl^^jt a 11 (J)^xxnli CjIa jhiA ^^3 A J^l-axxill Ailj£ll 4 5.14 

A3^)Lax 1I Ajxxnln^at a'1 AajIIaII ^3 ^jxi^aII (j^. %100 (_5^- %60 (j-Q 1998 

LLlx-aij (^ ^^LaIaII I^A L_J -5.14 xx) 11 ^jxi^xjj . Ajj-o\,xxi*s11 ^JLtll 
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dLuillall (jjj J 4jjaiC.JI (JJ 1 JJJ Lulll dluiLLall dllullaia 

i ** il . l' 1 q ^ l . illajj t. a ^ l ,'. iUw ^11 ^J. . ,"\\ J -s V . (_J i-v in '.11 q yj j aLA^IaII dll J ill 

.^JLsJI OJ^' O' 0 j jVI 11*JI *- iuad ^ 50 nm jaj (_Sjluii Lul 


(') 



a ',.,n 


□ 4l<l£lJ| CjIjUII Uii CjLuilld 
^ aLKiJI LjIjI^I cjLoll. 

A aU£UI cjljbll Cjbljj CjUi. 

^ ^Jj-s in'll I (JJJJJ ^3 Lljj dllmU-i 

▼ P2w Aill&Jl i^ILui (jlajC- 

♦ MRw fcljSJl L>-b (>j^ 


40 SO 160 320 640 1 280(1 00% _>*i ) (Chit/in') aj-> 1—, i . 



Aiuill 


uli Jja . all) (JjjJJjJ Alai Slall Ciljlll ^ Lull) CiLuiLiall diljaiu CiU3 jj ()) 5.14 Jluill 
<^2 Aaalauill AiLalll %60 U Jlia slLj (jlal Jj2L 2000 j»lc- (j- 3 If 1 j) AlLa jll Aulcjl 
. (cjl^iui 6 Jl AlatSiall (III Jill fjh Lull) dLuilLall %50 jlliaj ^Jaliiul j Jia i iul| 

^iV! (juli^II Aiil^^ll Ajala. all ASliiill . (jjil) lift (ju JjVI litail w ,i ^laAill tulniji ^i_ij 

. ^JLul) juujl J 1 ua a 
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Media scaling issues 


OjaJI dj jujvVi Ltd 2 . 3.14 


^A‘i1a1I_j (J-1^_ujLaSI JajLaJj d22\ a ^^9 ^.lijjSI 3 ] 

LjLdaS J^Sl L-Ajjoj . ^ ^n)Via a SI Aii3£ ^I^aIujV (_£^)j^)jJa j 

cA^ A j>^i“i*nIj £ jdall C5^ fl Jjal3 liA IaI l LaJS Ju^qMlj (j A^ JajLuJ j 

A-I^Jojuj 3 A^ dllili&S A_aj3LoSI -A Jxa)j3-> a II JajLuj^ll ^jj A 3 ^ A_d jj A^l dllj jx x^ill 

.100 Gbit/m 2 <> 


^A'A^I (Jld^Vl-J 3A^ JajLujj (Jd-A A_ia&I s J^\ cJ jUtyl j&) 
‘Antiferromagnetically 4 a^l jJjaII AjAia^JI ajhij^'i»o\Ij ^jjall Cili JaaLaijll ^j^joiII 

# J 

jn'qilo luajlVu a Aiddll A^dll (.“ cJajLajjll oAA ^ .COUpled) AFC 

ddjJ&SI ctilij Rll SI A^Iajoi dc. .Ru SI 3* 6 A J 3 A u*n3Vi» a 

Qnj^nA'ia a II ^jj'Vq^ASI ^id 1.1^. Ajj3 ^AiIa CIjI^jjjIj ^Jl Ru SI (Jjj-ajjll 

lil . Ada-aSI ^d,wll ^-uLilajx-aSI 3A^ (_^l 4 ^jo^IxIIaSI ^^Ij!1aSI t, SlLilaj-a^/ 1 ^Jl 


I^Aj .4_ii*_all A q All A^Lajuj Qc. a WdiA 
J)\ JplxA^\ I^Aj ^ 


j O'jjy is-* 3A^ Jajaj^S <SLxiSI aj^A u aII a£UJ 
idl j (j^il ilA,\\\*\ QA L_alljj ^jl dltiJS ^-Ajalj 




CljLxUjai^. 3-° C5^ cjS ^ J^A'ia xill 3 A^ AjLujj (_£^)dl dll daVil 

dl j dljJJL^. AjdLaill dJj^llj AjLuj j\\ u^i J^jI A 3 ^ J-aaM AajjAj A-ijoiAd-o 

^AA dli Ajddk Aj^A \x a Aj^jlj dll AUny ^j4Vi ^j^aaSI 3-°J • A ql'lA. a 
^^ j!iSI J^ldadj . ^j-a^)iSI Sc. Ajdl Via ^dlLilSa jl^ Al±ia (J^di l-^J^-S^J l^> 

Ajld dil.A Ua^SS jat t.si cJ A^ Cj^ A ) 


. Adlill Aj3^aSI A ua i)Vi» aSI 

^St> Alilill Aj3^aSI A aSI ^)djj ^jl ^j^a i A^>S-S! A' A^' 

\ j * aj3-> I* a pLuic. J^A' U-A^ c) j^si Aid^AA^ 1 uA^' 

; s= 

Ajtj.nJ-1 iat a oJLa aIA 8 -^ 0 dA^ 1 J^SI LiSl^jC^AAl dilj'iVi Aa*Jjujj tl^jdluiA 

AiUi£ll 6 J^aaSI i^ja ^jl t jlda-Q ^ a aJ J- a lar a dll^ ^l^-° (JLa*Jjoi\j^ . Aj,^ iW 

dull a qli ia A ^jialA^Aj *200 Gbit/in. 2 (3^ A^ <A) ®^SH*-a 1I Ajn^Sl -LdLaiA^ Aj^J-i A1 
x A 200 Gbit/in 2 Aj*\ 3-n.aSl Ail!i£ll dc. dull AAd ^S»>» cJA 3 lA 

JnkdAll Alid^U ^\ ^J| Jx .^il “Loji ajiA j iliijij 60 nm <_>« 
UM , ,' r\ Ual JC. jilillj J.;< AAiij (_jl ^jj .jajlfill aixJI ^3 AjjjjJali Lial jE._^lilll 
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.LpL-ajal aj.w a jj£j C5^ l cJ^l -i^lj ^jV _>^ j-a ^>^1 ^ qK'i Vi ^ jjkll 

£_1 a^J LaJJ ji AjLilaVl A-illc> Jai-iJallj Ljal y£. jlll AjIIj _jJj)lVn Ls.1^. ^LaIaVI c > 1~NJ ill 

.Ls^Ia9 ^JaLlLo ^11 

Aiijlill 4l9 j-all A UxijlViar a 11 j^^j f. .Aj ^1^.11 j^AJ c j^)kll Ja-uj j (J^joi jl^ 1 Ag a^ 
oJj.W a Jajoj ^11 Aj^_ 9 j^£j tftjlc. j .-lajuj^li Aj^_9 SjLj jj A-illxll Aj^laxxill AiH£ll .lie. 
JajLajj ^ic. c . n^j jlj (Jj^jouli (Jjji^)l ^-ajoij ^^^lll djln^iVili jli lllj cA-ilc. AjLI^II AliiLlL 
aIiIxaII la9jj . ^juajIaisL-ali jjkll SlLsjl AjjujLujI jj^ls c_j &yui A_illc. Aj^- 9 dill 

L-ili^li j^ A_L-alill o J)>^11 (j-allj] A ~\ x>il y\\ ClA nxxiVill 1^.1 cJIa'u 6 4. 14 

SJLuj ^9 L_kxjJali ^ji.Vq^i jjxxi Vi jjqVi Ix^ajl j^AJj .S^aImia (JL^a IIAj tL-islSllj 

L^llll ^}Jjl^) ^9 l^jJ C(_£.A^Axll (Jj^jguli ^9 .(_£l^Axll (Jj^-ujLill (JLoXJjujlj AjLi£ll (JL^«A 
i 11 . (_j-a^)!li lc. A ji V Aj^la A jxxnlVia a Allla ^g-9 ^^-jlllll L-dakl Lai . iV j c > l)a9 
j>A l^)jj£ .1x11 (JI>a 11 j^fls *>” ij^ Aj 12£11 o jAjJa o^jjaLia ^ xxnlVat a 11 (Jj-vxxnll laxxij 
dui 19 j .4.14 aJaIxaII ^9 ^ )a» a! 1 ^^lali (Jj^-ujlili ^^9 (^JaxIIuiaII j ; nlaall jjj (JL^aII 
V^ (Jj'VxxiMl laxxij ^Ic. (_£l^AC- jVl J& Ajll^ll (JL^-a (ji A qj'q^k jA LiA (_£.A^ax 11 Ai j-£3 

^1 (_}klA ^11 j^SLs c fl^u: djllkli A )ui jli i»,<a ol^ji ji ^ \* \ ilAj iA\ Ijji^o jj£j ji j^ 

Aj^)^9 djil JajLujj ji j^-^ ^ j'lVi c^lljAj .(_j-a^)lli (_£jJjuia 

Ajj^II j^ .(Th erma lly-assisted recording) S ji jaJt S^c-Lauu J j> xx nl i ^ aJIc- 
jj-Nxxnii Cljlili (_pa*J . i g 'n~N xti'i j^- n ji <jjanIaii_Ali ji^xdi jpa 

<jJak e.\Ji\ ^^9 il^j-Q laxxi^li Aj^_ 9 (jiajikj j^_xa_xali j)-Q CL_Jjl£li (JJji^i j-ajJa 4 jWx>ji 
t4_iL-aVi o^)i^)^Ji ^li Ij^xj Jajai^li a^ji^)^. J^xjj to^u-aali <jll^li 

.aySlxA . a <li_^. ^^9 <Jjj£-ali dillili 


Writer scaling issues 


L-ul£ 3 l 


( \ AA 1 

prr 


2 UL^ 3 . 3.14 


^liLa i-^-iAj CL-ill^li v* 1 ! (J^Jt'uxi'ux) ^lli CjljVqMi j-o Ai^xli Ua^)iaJ ^11 

jAh C_fl J-UJ ^JaLoli ilA ^9 J .a^)i^)^-li 0^c.i_iaixu (Jj-N xxlMi J C5"bi -^y djil (. ^ 

Ji 2 gm (Jj^i L_lialli ^i j ^ AjJjjJali tisi^c. jli!3i ^\-^.i Ja (^lli ClAjj* x^aii 

Uxil ^j\j^)^£li t ^Uallj L_llaali (^i y ^ u^ij c HjLuj ^)^1 kal la9 j . i C-l^i *^bji 

^Lj^lli ^ nxxijlli jilxj .(Resist stencil) ^ ^Ia-q ^jjj j^. A-Jlc. B s <— si 1 a uxnlv^ a 


AjLXa L5^1^ Akx^a Lai .l^j^Ua t_J^C.^all (Jl^uilU ls9j A yt\* 4_aaix^ a LiA (a-iaij^ll 


n 


.'UiLall jjc. jlallall ^)JC. $.!)Uall ^xaxJajJ 
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£-jj-a A_i 3 ^)j2a (JaC- ^1 SjUjjVI cAjI^j Lajta lia Aij^lall 

^3 (JaxII <jlj (J-oljj AJL)LaC. A jmjJa ia a A-gjULa Clilj Aj^jlj l*£>LujI 

.liia.V AjaiaLLall CjIYiVi j (_j-o ^jl Iaa 



^Sl^B ^-uijjfl (jjjij L_Jaa ji jt-uiAfl S j>*-a 6.14 J^uJl 

.100 key L$j jia Aojjj$£J) AixJ jj 200 nm 4-ua jc-j 2 jim A^lis J ^jLaj 

. f I ^11 <jia j*-a]| d lie- <j (j ill ^lus jj] laa. ^ujj ja j 


A j^k x^a A_iajj ^j'q Vi\ A_iaAV 1 A-illc. A_^.^p ^Ic. AAiLa ^jLilkl na.jj 

A_IIa ^xul JjLiaa ^1 il(j ^1 jSI ^joi ^ 5^1 t, <a a « o"i i (j! c^Dall s.Ijj! ^ ^Luixl] 

tAijjJa i. > iJa^ ^AJa U^J • AjljLaa]I SjLaII aAIjJ (jc. *>^Vi " ^^Uall Cll^J 

C > cJ^au (J^a. C-^Aa _jUal £.Lua3\j e-^lAall ^)Lijj ^iA, Vill Ja u^i (jmVn 


^)1jj dll Auj dc. (JjjULa]I Aj jjlj Jl£dl ^ila U ^ J ^ (Jj^all 1 Aa (j-o ^jlAaj (j (3 -0 * ^).-* 

l^_llj oLiijVl l. 1>J ^)^A^I cj^J • lJ^A>*Al J C—lluJ^ill dlV-^t-A 3-1 H.O c > IX kS-X\ tA_Alc. 

aA&II (JUliA diLjJj.WA ^jl A_iC.lill ^ u xi 'ill dll A a^ixj-all (Jl^dVI ^^^Ala U^ ^ ^jl 

^Alall e-Liil ^ SjLoll c_li£^)j ^ Ja^a-Lo 


.(Electroplating) 
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jjj£j L > t4_illo 4_iolj (J3 (jlj ^joijjj ^Lj^l ^33a33-j Jj3 cLst-iLa 

^ jj^. GOO kev ^jLaij l_gjj33 <Laj=»j Usi jo j!iil33 (JLaxIIujIj .Aj 13 jjl! 

jjj£ j] .(6.14 JLSdl) 200 nm j jLuij <jJa jc. j 2 (im j jLuij <1 jL <.-*33^1* Jj^’n 

l_:3l jo j!iii3lj (JjVuti.0 a^iax« <xjL<la ojLq ^3 Sjj^ 4_iolj ^ . u^n 3^& j* liilLoi-a 

(JI^joiV 1 JiL ^aJ j-Q j 4 (Jl^JoiV 1 3_£_i3 ji^J 4j3l J AAlLa (JLaxliuji j£-aJ j^3 * ^4j)^3l 
C > \h°i jd j (.^H 3 3,x>>jl j^-o^J ji^JU 4j 3V3 jxuljJ <iL3a ^Jj jJjj-ali3l_J 

43Jj3a3l d^A L Q^Vl .^Lj^ll L_llujji3l .IxJ ^SJJjJaj jj^J ^aJ t jiajO 1 c^\\ AA>xa jj 

jdj ^ . y 1 '^* 1 ’ 1 cIjIj j» >.s-i jjgda ^1 1 g '\\\ j Ajj L si jo jiiill 3 jj 3 j* 

jq^33 Aijla i" u j3 c_jUa3Vl jjjjj j C5^ ^-1 a*ILuia1I 4.21x31 B v 31 ciilj l2jLiu 213 . L_ilaa31 

^ u^2Tl3 ^\jjji31 3jj jlll <^\ jjl jiaxJ ^ juj (JLaxIIujI j^xaJ V lilj t^lc-llill ^jjjVI 

jjlAll ^ * j3a ix x>31 (Jj^joLill ClAjJal jxLuj! ^3 4xjLu 21 jjl jlnll (J j . L-jUaSV I jjj j j j 

.(Focused ion beam) FIB o jli* A-ij jjI 4-oj*. 4JajJ jj jJ j ^ 4il!&]l 

jl V] cFIB 31 4_3ajajl jJ 1.1^. 4iLi3J L-jUnSl jjj jjj jJj^j j^-<^ 4 j! 

£-<a 4j1 tiilj ^J1 L_fll_jJaJ .^,^31 ^/uAi33 4-oj3Lq jJO 1 g 3a Vi 4ijjla31 A 

cL-lJaall L^^-J c 4\j.aix> (_ya^)C* ^j^Vi 

(Ion ^ ^IjjI Ga + Clilj jj ^ jj a >jVi cJaail A\j.^\W\k x>ll 

.<l£_2ui ^1 u' milling) 

f > 

^-^31 (J j^^nl 4_L^Ja dJLo ALq jiaJI 

Lq l^Aj tl kV (jC. Sjlc- (JSj ji^JI ^^3 ^X«ixI1uia31 ^j^jjoli 3I J^-2k3 .A jmjka 'la ^31 

Lnjl^. L_ilaa3i 0 ^a31 2)-° c4_aj^Lq J* cj-° 

£-lijjl ^3 Ja j^.3^ ^Jj L«U^. ^13^ U^l 6 ^ j3l_ud31 ^>^a-31 2)-° ^X. 

L—da^ll ^ U-J^ C5^) ^ J ^ 1 13 . jjV 1 ^)i^-3lj nV*n 4 j\^C. ^ I L-lla^l! 

Ajjoij 13 ^33^^31 c > \U*W u' ^ . ^>J jiaJ3_j 3,g, n.^xxn L5^3 

.AjI^JI (j . <0 aJ3x. ajc.3_j 


L_lA£1I c43w»x> ^_jia^)xi 4_iJjjJa3l LiSl JO JiiUIj ^.IjoI j^a L ^jqV^31 

(Jj> ^)'^31 JJjlj (j3.l3l (JliSjl A^Jjla L_fl3llikl ^1 Ij3ai3 .^j3jax 31 ^Jj 4 ^jj31j 

jjjjjj ^^3 LJU. ^Loj3UI A_i3lxJl AjoLaII L_Luil31 jl3 t^.1 jJI L_ilaa33 JJJIJ (J3 jax3I 


,"iVn^ ^j\jj^£ 11 L_iijujji31 jo ^3_1 xI1ujV 1 j^-^ £3lj31 C5^J *^^j^) j ^ a ^ j3 A_i3jJa3l ajIj^3I 

.^1j 3-ajS L-Ajj-aj-ali ( xjj-a ^^3 (3 -<«Jjuia 31 ia^3 ji^-33_j Aa O <jJal_*JjujV 3 J 
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Sensor scaling issues UUiafl 4.3.14 

jdxJj . Aqta^A ja jA o JA xILq CljliiLa Aam^S jA j*rs a! 1 j! Ljj£3 jl j±uj 

*bV A-loaVI ja A_^.jJ LS^ ^ $ \}J Ann 11 ^JajujVVi ClaLliLall CIA^Lajuj jdLVj 

^sjoi jj JJO dlLilia]l djjiJ jjjd 3 dldiA jiajO j*i^ a ^ u^i LiljLa. 131 . j,h;\a11 

JJO jjS'di idLajall a Axj.i.'lSll dJ j^. (jli 4 AjuLaa]I S^LaII All jj ^aJ jaj 4£jLaa 

q J-IxIIaII jkiadl Aam.'iSI a£.1j Lg_iS Via 11 A-iaIiIIj ja^-aII jjj£j e-ldjl vnj 131 .A-aj^Ia 

* 

j^a jc. ddd] (Subtractive processing) S^LaSI aJI jLj a ^IUa jjVj 3 j.i*jj 4<dil£fLaJl 

.dlLdl 

jiaJ] A-d^yLa d Uj.nl j;.)~\.a 11 Arn^S oJj^.ja] 1 jl ja]1 ^3-ixa jl ^Jj 1 jlaj J 

ojLoil . 1 ^. jj .tiiL SjL<21 aJI j! S j>3^*n ji^Jl (JLaxjjaI c > 4^ 5 Aoli3]l 

j3]l ^ g_3 I jLiiilaj JaI^aII C^lltMA jiajO d-lVi D a1a*Jjoia]I AxjLaaII 

SjIa L-lJjaiji] (JaxIIuiaII ^ jill (JjIaII ^jujjjII LS^-J ji^3l (Jh><q11 ^ A^J 

jl ^Jj Ijlajj . ji^Jl ^xj SjjoiLia (J-usa^J j311 jjjjl^-ill ad-oj ^ ^nJ-Va* a 11 jlj ViLH 
t a 11 A^.ja. ^ x xi j J -> \» a! 1 jl J VaL/1 SjIaj o jjidl jai^yaII AiU. jiJ A_La jll 

> 5! 

.^inll jlIaxJI 11a AiUajj jiA j jVll oJ^xIIa l_iiaujjj jjjSj Lai jj (J-axdd La IJlo 

jiajxl jl 4 (Jj'N.dall jdj] ^~n jiu-al 6 5 . 1 4 (JSdill ^^3 jadl la3 j j 

j^A La 13Aj • aAa1^3aJ 1 dll jl .ill djLj jS a! ji-L-al ja jj£ 1 Ij^jjLj 4 a 11 ^\L*ia 

^j'uAil ^Illl AjjjjJall Li3l jo jliM AjLsj jjjLjjsI ja ^ ^nLa'^jt a! 1 Aol u^i 

A_ia»jaiili]l cjj^ Ajt_uj!yLl ^ ^Ajjja^Jl C1 j\ 3-^3 a a a\\ c.“ \\y ji 4(JL1 a1I • aIaIS'^aII dll j! .ill 

CjI jUI J 248 nm ijJ^ lS^' J jb djl ji Deep UV stepper ^ ^ajxjII 

^1^. j})y juiMI jjj JJJ CIjLuj^-a AoLlx-a ^3 (Jdd ^ 1 l^_jl 4 1995 aIaIS'iaII 

ja (jj^j j) ^ 4 193 nm AjjLadll dal W^^aH j jjlall a^. 1 jj jl_Ax!lujlj .2001 ^1^ 

A_i3 c4Lha11 jiajO L_ajlij Ad jdall Li3l jO jlliillj A j^nLi'ax a ^LajILq a (jj V i j^aaII 

^jiajc. (js-xW) ja jj£I Aojxaj j*i> a! 1 45.14 (J^dll ^ j j^ a 'I 1-^jj *50 nm 


.^^ajOAlIj o jlvs o jlvs Lc-Ljj L>q > >n JalL-uj jl^^ j& Stepper (_g jlvsll JaLuidl 

S..la»-ill jj3 <*dVI j .300 nm Ig^-NJA J^3a j% (_5^il <^A 4j-v wiViill jj3 AjtdVi 

jdll) 13.5 nm (jc. Jj3a J% ^ 1^ 


n 

(**) 
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(Jj-aj jl ^ x aSI aaiMI Aol u*aS j^AJ IIS 4A1 aI£jaSI CjIjUI Cjlilij J 4 jI Jl 

II 4jUj jJ jW'i jjl ^| .<lal£laJI Cjl jUI 4x-l jj^3 (Jj 3 50 nm 4-JJJ (j-« |_g J» t^i CllLALs 

J] Extreme UV l^a. o. 1 mJI Aj^m<ii\l Jjja k«J>U AjJxi. jl 157 nm 

*USUI CjIjIJ oUli^Y Uil V] (J. ^~1~\ 1 j] JJjULaS! I iA jA J» A*al jA La 

Ajj jjJall Li3l jOjlilSI dll jjl dlLpj.WA jli 44^131 ^3 lijj 4 I jjj£ £_ujjI 

J^IaaSI ^9 ^ aaijLi i« aSI j})y dill ^9 A-i^JajoiSI Ailj^SI jaJ jjJ (J j^- 3 1 s jja ^LiSL^JI 

!>Lijuj jj^ u' dilij jSSiSVI Aa j=^ a JjuiLiaSI AjIj£SIj Lfll jo jlilS j^AJ j^3 . jjS-ViaSI 
<jliLjjVI 4dili Jl£*iVI Aill^S .Ad jjJall Lai jo jiiUl (diLp j.Wa'I d!a ^gio 4. <al q'llVl 

Aaj^ISI CRISIS jlS A_ia jJI A_iddVI j 4 1.1^. Aliida (Jj-vx;.n'i jjjI j CljlslSj ^^glo A_iSlxSI 
4A1 aI£1aSI 4dlljldl AoLii-a ^9 A-IajLI A_iddjVI jA IjL^ (Jil ^ aaij jViJt a SI ji^-diSI Aold-a 
Aol u«aS ^La. ^Jj-aJ jl fi JjoiLaSI AjL^SI 4dlli CjU JJJ^IVI Aa j=^J Lai JO jllll jdaJ lilj 

»^\ja AijSVia a 4diLLnll j jd 


1 g'n^kljjj ^ad jj 4 4diL jjj^IVI A-o S jauLaSI AjL^SL Lai jdjlilSI dul£ lilj 

d3 4 A > Uaij)-i i» .all <LajLa 3I (jl jaevaSI ^^3 4.-*11aaiaSI jiajO d.wM 1 i^aa 4 A iaSI 

$ " * 

4 A>»q*N IaSI FIB SjLaI! 4_1JjjVI Aa jdl 4 j'lVl (JIaxLujI »1 A^l'q Ua) 1 4__L^.I jll jA jj^4 
^gjJj J 4<JjllaAll ^jlilujVI ; Ij jxa IjLia* FIB SI 4ljjAUa .Ljajl A-I^IUjVI 

j-asljjj IaAIo 4_iaA! jl^jj c_fljuj AiL^JI (J^oILq jl ^gil Ijlajj .^^gjjjVI J^-SI o jSa*s 
jl-Aol j\i IIS ,\jji_A-al C-flljiJI J4*^ j}* A^JLxa ^gJj <^1^, cilljA 4 c.- 5 S\aaiaSI jiajO 

^9 JLu^VI .\j * } I^JIa*HujI jA (J» Vi FIB SI ^3 jj\ a^^>\Ha 1I jjjj^SI ^^jjSlj jl jlkVI 


. jiiJaSI jjli 4 -^SSaa)^ jia jO cIjI j 

t<jjjjjaSI Lai jo jlillL ^WaaiaSI jiajo a^JUa! oliiSjl j^SI ^IajaVI I^a ^xj 
J aJjjaiSI ^lijjV <jjo3L1aSI 6 1a jjSaJ ^a^O 4.^ )Uti jO jJa^SI jjllSI (J^Iaai'F ^3 
jia jo jV 4 ^ ja i^aSS 4_iilkll AiLsJlj c-lj^IS jia j*-aSI ^Jajaill j^j <3 Laa 1I) (Stripeheight) 
Ijj-ujl Jll Jl£^ VIS- -kj JJI j«j . jjjHaSLj jl^LoLiA -laJ JJOlSI ^ lijjl J c^SSaaiaSI 

JaJjjaiSI ^lijjl (Jx >J 4 1 )SaO . (Jix-aSI ojjjjaaij ^jjxj-aSI L^jLuiIIa ihn HjLajj l^fS] 
jiajXAS I ^Ja-uiIS L V^'uaiaSI ^3 jaSI ^xj La ^gJj I ,\)x } AjaLa^I AlisL^ -^aJj 4 !^^ I J^4^ 
jill ^A ^.Ij^IS jiajXAll ^ LiaaiSI ^gJj <JjouSIj JaJjjoiSI I^J 4jqS^SI AiL^JI 4_ixjJa jj . £.1 j^-iS 
(JL^-a ^^3 -SaJjjotSI ^lijjl ^3 ^VlSI jl ^jJal jll jA j .-SaJjjuiSI ^-lijjl IjSaO 
A^ilkSI jai^a'I AiUJ 1^. S j.n^ l_iiuj jj aIj iSWn 100 nm SI di^j Axil jll CjLaiIIaII 

. (Jix-aSI fiJJJ^ <iLjjl ^3 
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jl-S ctiHuiAll a^c. AjldJ (jjaid (jxrs a\ 1 A_njL^3l jIajVI (j^a.1 laj (jl (jj^. (_g-3j 

(jl i~nj c$\ j (_£^1*JI (j^A-v^ll A_L-alall aILaa!! 

s * 

cAilL^JI ^jIiuiaII (_£HI ^jldll (_^1 . a_iLx^JI aj! y'u^yi jjxxiV^ 

jl (jjl a**),^ ‘ae-l^lll (j^jW \\ _La£a ^jjiiaj^Ia iSy ^ 1 V 

c5 A J (jj! AjAj. 1^. A_jjaLiLaii_A AAiIa (J£ (Jx^. (1£-aa]| j)A (j^fLj . AJjlxJI dl j)>^^ 

200 ^^-3 IJU. (_£jLaJ ^lll^ 0 jLiJoaII SA J.wll A Uxi)3Vi» a! 1 A_iila A^Laja ^y^Asu (j^l) 111^ 
(j^AJ tS^jjarx^ll i^HLaa!! (_jiaj_jC. Aic-j . A qjqVi (j^AJ ^al^JI (j«ojW31 (A 

(jl V] tl^jliJI jl A\ua 11 A_iiLall ^lajaj (jl ^ nijl^u a 11 (JjjIIaII (J^C-HaI 

.Clliilll Sj3 ^3 Ill L_ll ^)JajJa!)U (_jia^)XJJ (jl (j^-AJ (j^i-k a!1 ^jI^Jjoi! 

jjUJI (j^ijWill (j^l -n^\ 1 j (Jj.i*ya 11 (jjj ^Lj^£ (^Iaj (Jjx«o^ (jl^Al £Aaj t LilL^. (j^ 

a J>^11 ^I^a (j^AJ «^J . (150 A LilL^. A^iLa (J£ A^Laja (J jld) AJjlxJI dillilai] 

. JUaJI l^A ^3 l_Jja£]I (_paxj (jjld j)A c. t n wi^pll o J ^^Jl A_ii\jt21 

CPP Sensors ^ jiu^ xalx^l jUiS! a! j Ald»<^ 5.3.14 

^ J! o^.l_jill o _>^-3 Vil 1 ^)3j^/l J,)>^1 ^ 4<dl AaII Ajlgj (^ j 

^3 j ua\\ Hs^ . (_£ j) u*ia\1 AaIxaII ^l_nll dll djLaia^Jl A_aAaA ^Jl (JUdVI ^A (j^AA A^. 

cijl^^-3 a^.jj V tiilljj t(jjjjl^_ill (jVl ^U^ill j (_^^i*Jl (jlA^^ll (.Jiaj ^7.14 (J^xtill 

A_i*j A_L-£3^a o ^I a ^j! ^11 jlj^'iV 1 (j*n A'^jt a\ i*Ma«*h J 1 11^ . (J*i^a\1 c." ^"i jl (j^3 AJ jlc. 

^1J (j^n A'^jt a 11 oJIa 2-IaI aIjS^j Ajjlc. A q ^ A t^lliA j^^j (jl 4-^j tl^jjaiA (jj.i*s a 11 

. (JaI^aII ^C" ci*^ (jA 

dll 1 dUxi*s a! 1 (Jd (jl (J^3 1 g j\c. L-iiilill c > i~nj (_^1 dljjjt j>^»\ 1 (jA ^j^*J 1 cilliA 
(J)~^x*n\l ^jji (_g-3 (_£jJjuia] 1 ^3 dll i2l]j i^J^-a iy j)*Uxia\1 AaIjlaII 

^■Ka« A '^X^'l l^_i3 (jqW'i (jxi^A ’dLa ^l-^J (_g-3 (_5^>^11 A-jjx x^ill ^ '-nTi j .AjjLdll 
J 1 ^ ^ 1 u^a ^1 (_>^^)1^1 •A_iC-^j]l A_a jIIaII j AiXoxJl A jxtijln^at a\1 <LqjULa] 1 ^“lAjql 

(jA dllljj c200 Gbit/in 2 Aill^j (Jj^dill ^ Alsl jIa Adl^Jl ojIxj! ^^jjjoiaII aaL*-q 
(_^ jl-^j A_^.LuiA ^ Aa jIIa ^1^_i a xxi, ^11 oIa c. qx^iTi .CoFe/Cu/NiFe Ajj!)\U1 a xxi.^ll 
Q AajIII (jA 1 jjj£ J 3 I Aaj3 dIaj clals 3 Q (j jl^ (Ja^aJI AajIIa (jl ^J\ 1 1 .0 mQum 2 
j^.L^2 (j^-AJ jl . (Jj^kxxnll (JaI^) ^^3 ^r j~n x>i ^ij SjUl Ajjd (JjJaSl (jjldl ASA^JjaaII 50 
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© jlddA A_JjallLajxA AajULg Utl'l QC. JJjlijj cilljA .Cu (Jj-alill (J^kJ (ji (3^J 
1 10 Oum" (JjLujj Aj^LulaII A-a jULaII $. 1.1 ^. 2>a clAa^duAj 

•200 Gbit/in 2 (jjLd A_i^3a-uj ciAalii£ dc. 3000 Q. (_£jI-ujj <ja^-a AajILg jj Aajs ©3a j 

.A_2l*JI C122 «^*-a^ Clilj idliLnl! (Jj^kx*n\ A_aj!)La jjc. ClaLojlLall ©^Aj 



jlaL aaI&a jU jj (TEM) jIAj >a Sjj^ (S) 7.14 JduJ! 

jtpJVI a 4JLlL a\\ ^UjU^ fjaij (t_j) . f I j^J] <jd jjlaII ^Jauill A^a <ja AaIJ 

jA (ja^-aN ^ j^IaJIj . LLajIV' (jj* Aij^j ALda AJouil jj ^ Ad j j*a ^j|^]j 

.S jj^l ^ £jaa 1I jil (jdxiVI JaaJI 


j jIluiaII AxjL*_a 1I jLiill A-aj^L<2I ©jIaII ^Ic. (_p©l 

A_ixj ejjiu-a AjU^ill j AjjiaJI (jjjjlg_i]l AajULq L^ A v>J fcA_dlx]l A_i^3ajai]l AiU^ll 

U^. ^Jl tjLiillj A_9JjJall ©j^_^M JaUaJ^I ^jc. A_A^.Lil! cA-iliilall AqjULaII 
©jIa] l_11ujjj ©jlcd (J ^j£aa1I jjC. ^j-o (jli c ©. l)- ax - 1uJ ^ 13 Ij 

Ljajl ^ Vj . c*\\a*ia\ 1 ^ajC. L5 ^ Aj\aC- A-ilx-a jaII A_illc. 


(Jij-all © jjjJjuj ©.IjjI ^^9 ^33 i\l jJC. A L/ijj ©jLa jLoajl 

^Jc. Ix^ijl jj 3 <jl jIluiaII AaIxaII jLill! Aaai.V^ \ ^j^aJj . 


560 






^^3 A^^Laa!! A Jja lla *ia a\1 Aa jlLai] li^_k3 . ^ja^-aII ^3 aIaxILuiaII CjI ^)L nll ClaV UaA 
AjlA j$ Ajjc. JjjS |j\_^, Ljalikjl A-killl Aj^nJVia a\1 AqjULa]I Aaj 3 c ClL^L-a^All 

o^)j» xVl ^IxjVI Clilj Aj^x a 11 ^jIiuiaII -IaIaaII djLaia^ill ^3j .Am a jliaJl 

jliill Clilili^ Xic- o^aJI AiJall jl^alujl ^ jjjj (j! ^jjJuIIj (Jaill o^jAUal (j^Aj d.la. 

, 8 aJU]| 


Coil scaling issues 


t Hail ^j-vv'i LluaS 6.3.14 


A_illc. A_iaJajuj (J^l'qVl (_jia^)XJ L_jjl^]lj ^jj.i*ya11 jIajI Vi ^Jj VaLaJI (jj 

(j^jW n IxVi i^j a c-l^l ^-a ^ J^i'qVi ^j£aj AjI V] . \* i)a A^jJalj 

£J^jl U^ i_]j> Vi 11 i^yi VI ^ qI^H Clllill ^JjaVI ^^x]| £iJj . L lUl Clllil ojlrs 

^j^AJj .dlUUI J^C. (JjVqij Cft 2 £-* L_bujlljj U- qIa'I (jV^)Vj ^paikjjj .Clllal ^LaJ j 

1 (jA 1.1a. A-illc. Vj V *1*A clilj CllliLiJ (Jj^-ujJ Alba. ^^3 I.^JQa Qjflj (jl I^J 

jlillj a cVaII i «U (JL^tlLail ^jc. L-fla jj 31 ^1 l^lajj .(Gbit/sec 

tAil n l-^Ia JI>a 11 (jj^j 0^ .S.1^1 ^11 A. alll l_uI£11 ^ja* Vi ^1\ 

^ V ^j£a j Laa ^£1 ^)Ijj Ikkj Aiill L_al a ^)1jj oAaa Aic-LjaA 1 V 1 

ciil^3 U. <i\ a\\ ^)Ja3 c. V Vi ^tfadiaj (Jj.1^11 IaI . A-lLaatJ <jl aIaKIa dll_jl^ (_ja A£. j u^ia\1 

oJjal -LuajIa ijjj cl. 14 V1 ^L*-a]I J))^Vl Iai] ^JA L_jjl^]| (jjUi^J 

^a 1 <> Vl ^11 <4ill ^jiaJ L jJjaIjjJj . C. ^-q L-aIaII (JVaH 

.< alll ^>ia3 L V^i'i 

(jalaj (j-o ClULoll ^li^aJ ; limH _5 J J Ajlij ^3 ^j'- ^ La ^3 

i_U*LjaLij .1 |im (_5jLuLj S 0.5 (im ^jLau (_>ajc. Cili 
jIjj CjIaLo JL^TiI (3 jxm ojlc.^ a £j ^ > u uj^ u' 1 . '•>.' ‘“'I s? 1 ’' . jc^'^ 1 . '.. 1 [i j"'" 
diLilill L)J^ ij\ .Ja^jLo (jja. ml (jjj (_jxi 25 mA 

* 

^3 ^J-o*j-uia 1I VilWI AjC-IaII L_Luil]l 0 jlvsll AkiiJall C-HjI^IaW ^u/il dj_j^la 

CljlilA A^jLaa CljlilA (JIaVIujI c JUIaI! (J;1Jau ^ic. djl^nlaj (Jj^k x a* ill 

L— fl\j> V . Ajj^j^ja\1 CjU. jaII Cljlljjjjilj Cljlinlaj jaxj ^^3 <jJaiViA Va jlka C1 j!^ A^a 
- lajlsLAl] ^ jjUl! ^ijj-alil] VlllilA (ji (j^-^ ^tjl^k ‘ill ClllilA ^jl 

Clillniaill c^U^)a1Ij -bl o^ia'1 ^ Ia jLiik.1 ^ 
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Summary 


JLfltfiJ 4.14 


ClAII jjoi V^JIx_aj A '^WiaH A-I^AIiAa]! JaULil! ^ jsix ) ^Jj La 43 Vi 

CIjLujULaII ^jjA i^a ^^3 4_Ax-a]l Au*ii)Vl« a!1 

4 iL)lc. Clalj ^jjjULaII ClAjjfLo o^C. ^^Ac. *■ . 1 ^^^ A^Ijjoi ^j'W i • 

Cjb j^a\1 0 Aa ^lA^. j . L qIaII j L_jjl^]l j ^jai*yaH j Va^ij I Ig 1 Jl LajS 4_Lkl .Ha 

t> * f 

. (Jj^k , a a‘i\\ A_aj)Via ^^3 Vl^JajuAI 4 _ixj Vx-o ^Vi (jl C > l~sj 

AjjjlAll Aj3^a1I A JaujVi lat a\I 3 jj 3 4_jjl^A^I ^ iVl cjj^jVll J-n>a j ^J*s Vi (j^- • 

.4-illc. Aj^)^ 3 (_£3 -Vajaij C- VjV'i^V Ji>ViII (jd^j ViLliij 

^ic. <jIj£ 1S AjL^la l^)3jJ (jl (_£-3 _^a*JI (Jj~N xaiMI J lijl ^C-LuiaII (Jj~^ VlV (jH-oJ • 

.4_AIjl]| 4j^Jl]| dll j JajLuj ^11 

gJ^^.j-a]I CIAjj^aII ^)Xj-al (js 1 W 1 j)A ^)jSI ^Vc.^)-uiJ (jxi^ aII ^Wxia (j^nWij • 

<jlij (JLaVLujI v^.j HjIc' (JAaj <jl t-^A t a1aI^*ia\ 1 aljUl 

(j^jVll Ax. Llx-a ^^3 c4AaI£aa]I CIjIjUI ^3 vIaxIIjolaII iA_H jx.V\l Lsl jX jillll 

. ^.xaijAVixaII 


Questions JjIula 

a dll ^Ijoj 1 0 Aj jp ala L^jt I jfli ‘ a ^ Jajoi^]l (j^£La j a 1 . 1 4 a! AU- al] la2 j . 1 

Clinic ^ Jajoi_jll (jl (jialjlialj .40 &T (jc. AjV “Laps Jap VI a. i>j 

<jApJl jKa ^}i^l L. 4 /sT„=1.5x10 5 J/m 3 1$p3j 3 nm ^jUU IfrKLaau ApjljKioil 

? 1 a& ^jl^j^luiVI ^jUaca (jU^P 

LaAic. aA^lj <ai jA a aLa caIjp (_£A]1 H (Jl ^ -all 2.14 <SaLca]I JLaatldlj ^ u.i^l — | .2 
• 10 |lm (_ 5 jLoij 1 —kLall jiaA (jl (jAajjSl HO mA (_ 5 jLoij AjA2i jlij A dj Aj 3 ^aJ 

A ;jlL^11 dliill AAC. La 4 10 mT (_S jLluj AjALi Jl a. »; UK Ltida 4 - 'Wall (jl£ IaI — l _1 

?(_>ui jll Iaa 
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4_i9 ^aj^j t25 n ^CLajLLa A9^LaC- A nn iLiLixa <La jLLa *i *s <a I .3 

La .%15 (_£^Lujj ^ uxnJVut a \\ Aja^Lia (JaLxaj c 2 rnA (_£jLujj Aj^-uj ^jxun^'i 

^Jl (3 *0 cJj-^^^ U ^ 1 *^J-L C 5 ^ S^LuiVt Ajlil^S ^jl^La 

jI-^a 2)-° iS JA <^ 5 ^ (JjC-lLJl La .0 = 100°J 0 = 80° (j^ 'C3J^1\ <a±Ul 

? c j->JI _jLj 

^ol^) ^-La-uj jlC- ^JVu.a ^ .lljj -i^juj ^11 J\ L_J 

La C 100 nm (^jLolJ Ail 30 2)^ (J^^a -lalilill <. kLa ^liJa (J ^la I3j . Cll^A 

Ac.^) joiJ ^_j-a^)k]l ^jjJj ^ <Q \)^ k S^jJaII fi^jLoiVl 4_nl^i] ^-aJiixJl A ^aj^ll ^)I^La 

?10 8 T/S ^^ahc-Vl ^^juaiaixAll JL^aII ^ j^J 


^jai^aII S^jLaij Aj^jLujj ^^JfcLjaj 4_ilc. kLall (j_3^ (jl c > i~nj (^IsaII La ^ 

?l ^^9 4i£}Lax]l A j x ai ilVia a\\ AajI^a]! 

ajj^Ja (j^- MR tg-J L_flj^aj| ^lill I 5 . 14 J^J! ^ ^1^)11 JiLul Ja^.V — ^ 

? jl*_22 I ^iL (_£ ^*a La -1991 ^l-c* 

^Ja^jojVl ClAiil ^juj ^9 4_i^»a]1 lI^ - 0 4 u*i)Li i» *all AajLLoII ^jj J_J_) ^ & 

? ciiLi C > IHti La .AjL-all Cllliil^juj ^9 IgJLaxLujI (Jj9 A j^uJaia .all 
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^judC> 


CjLajfcull ^jl\ (^±a 
Introduction to Integrative Systems 

Introduction 4^-iLa 1.15 

L_L1jujI J AldlSxdl QA (j-® (Jlkj ^1-}VI L_lXj-all ^JA 

^ja <LqAi1a]I ^dlc. ClllkJ Jail S-l^uJ ^ja <LLaJjaiJ (jj Cllj^jjjVI j 

tl_lA3^) ^-uiaILj C1j\j^jLiAa]I L—lLol^Jl 

j))-Tx> (J , AxUkjil ^3 c*l*nj J • LlJ A_dL<dl CllV i\-1a\\ qC. !)Lja3 

jUL ^xjou ciul j V l jl ciL^jLiuj ^3 GPS ^ ^aII 

!A_iLgI£j 1I CjjLajJV^Il a!^^. _jj^J Lq .Lfjj_jj£ij lg_i3 ^SVi<a\l AjjI^JI ^jLuj ^11 

iUJ J ^^jauaiV^I j CllLo ^Lt-dll £-<* ^Ajjoi^^Jlj CIjLq A^JIjl-g ^A_J 

.(Jjxiill) 

Ajj^jSj<q\1 A f\ nlS j£IV I CliLo jiu-aJL 4'''i i. W 11 AjLqI£a]I CiaLajlV^ll ^ajoij 

Aj j jfLiJI djLa jhul l Ailij j (Micro ElectroMechanical Systems) MEMS 

^ MEMS — H uj^ .(Microsystems Technology) MST 

Ax-sa^Jj . aLqIS**^ a^jlj ^ja>.si Aisla^ ^Ic. J Aj-o3^ Cjl^lj £-q aXgI£-g CIx^juaaj 

(Jka j ^idl A jSj ' il Sj^a dAj^fLo ^_j-q Ailj^dl AjjjIiJ' (j-o Ada MEMS 

A_d ^ajoi ^)j£l ^lill AjjjSjJI CjbojJVi/dl Ajlij cdldA 4(JjILo]| ^^3 j .A^LaJI 

. Aj^)j>^»Jj Aj^i^j AjjI \a f\j A^xjLgj Aj_jI^)^. ClAj^^-a 


Michael Gaitan, National Institute of Standards and Technology, Gaithersburg, MD. ^ ^ 
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Jllall j .(JxAa Laa^.1 cMEMS — 11 1.15 cJ^-uill 

•Analog Devices ^ j*> ‘l“ 1.15 ^ cj^ll tJjVI 

& 2 & 

J^LLaj ^2 4_ixJ ^^2 ^^.11^11 ^jjanll (j*un«\M I^A (J^ixJjaLj 

^3 AjfLijl^i* 4_iij jj (jj.i-Y.aH I^Aj . ^I.liaj-al Cllj.1^. 4_IL^. ^^2 CIjI ^jLiuall ^2 A_jjI^JI 
1 aq \a (J^j i\ju* ^jjLkl^Lo ^jjIxuLq (J£-uj ^ic. 4_mll a^A (Jlkj ^j£-aJj .<2l2^j 

9 i i '. 1 1 ^ j ii i ll^. j^)£-1xl]1 ^ ^ ^ ; 1 ‘n > .11 J - V 1 ■» \1 j lajaljj . ( _)JajVj £_>q J 

l—illax llib j tl-la. l_l]lc. l_l3 cJ aJ jl ^-aj' aAA t. Q - ^jjj . ^ 11 b^jIa ^Jj AiLjal to^jLuj^M 

V) ^tilij ^jl -Lul j^ll ajLoj^I] V ajY 4_u*aV1 aja^ 



M 

Analog ^jLuii (i) -MST/MEMS ij j ' ^ 1.15 JS^JI 

. JLuwj Texas Instruments <> laLLJ jl^j o^j (v) Devices 
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A^^jaill ^^^.aSJI ( JjjJall JaULoiVl jl$A J& 1.15 (J5x*ill^ ^^jllill JUJI j 
J J-mLLJ jSj 4 dal j ^K a I I J jj-ipll (_>a jxl ^ill Texas Instrument 

. Idajl A_ia 3J1 Ldjjaill (__5^ (J-wtlLoiJ fj\ (_Jajj 4 Ad jj Jllill a^id^l AjjV! 


S^)ja)l_lA aIaI^Ia djl^jld lg_i3 «^Via11 Ij1^)a 11 Aadx^a Jg y\\ lAA ^3 .1^. jJ 

(_$\ 4^Luj£j 1024x 780 Aj^Luill Ajl fud AlVd a q px^oll (^liLa . 1 g \a SdsJ^ 

^ j]-u*) ^3 ^Vnj $. jx>ill Ajj^Lia SI^a (J£ Jai-uijj . IjjJj ^) x \ si \\ AjlIIj &1^)a 

^^JaLLO (JL^_AJ 4 \ x S~l \ 1 J)1 £ ~N 11 l^A (jl ^£>.1}^ .S^J^^ll ^JA (Jjuj£j (J ^ (j^lj 

(Liquid aLLoiII dijjpl djldldl ^JjaI, ‘ ajl (JI-vaII ^j-o 1 ^jj£ £-uj jl ^ jda J Sd-iiai 

•Crystal Display) LCD 


jUIaISja ^jl‘a f\ Til )a (jlda j)l*i \a l,Ag 3 I jJlLJI ^jj^A ^3 L^^pjuLo .1^1 j & ^d t^lljA 
11 l)- 0 ^jll A-iIaI^I!! dal_A j)VaAll A-q-uj d^A j 4AjjJLia daldj^pfllJ £a 

Jjjiaj 4A_idaLall Adai 20 — 11 Jc« djj La (J^Lk . (JalSlII iMST — H J MEMS 
ciiL £.1^1 ^jjoi^. Tp «^J .^/u^iMl Ajj^)fLi-a]l aL-sAIa!! daljj-all Aj^xII J}lc.lj 

dlli 1 yVq um ^Jj\\ 1 ^j£j ^1 l_il£ o.la.1^. ClillniaJ JsjWi ^ja (." Ti^>a ^^Illl o^p_^.Vl 

^pjlpA y>A ^yill a_AaI£a 11 daU jhull <jl£ ^il . 1 g qjqVi ^Jc. 'JjJUll ^UaII" 

. Aj JVall dal qj aJ-Vall ^3 l^u^ Lx3j ^-asjl -^l^Vl 

llA^)^j ^jj^JI ^)A A_2aI£j 11 dal-Ajl^aAll ^^3 LI^aII ^_pax J tilliA 

.dalxij ^^Ic. ^juAi • 
d^.1 j aK • 

(100 pm-1 pm) ^HaII Ajjj5Lia oJ>^.1 • 

. t^ynx all 1 g k^-ix \ q c- A l'q H*iA jl 1 _*_a (Ja*j ^jl dalfipj-a Va • 

. Lille. A_j3jJj • 

daLajh^All ^ajg ^ a A_1aA 1 «^jlj^ Aj^pUll Ajlilll (JJ JidHjj 

(_y & j ^3 ^)J^1 ^_daj (J^aI (_^1^ Ji'x j>^» 1 daL*i^ a! 1 dl^-lx-sal 1 aK^ .ApAl^jll 

UJ^ -0 CJ 1 ^ l^J t JH«JI (Jc. .LqjJ-^^aII ^^3 lAJ^C. J _jj 
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JaliLujVI ^9 ^3^3* 3A Ia 3I3C. ^gic. tLiSL^. o^.l j <9^93 ^ic. (J^S^LaSI AJ3JIJ 

£-oj . 31^-SI (_>^ ^5^ 1 g » x>» j 3^1 Aj^jLllI 633-^VI -i^C* (J^j ciii£-a! 

o^.li£j diL«i^i*-<i]l (JjIjj •^'^TaSI ciaLo^ix-all ^I^Lq S jlj_j ^^jLuaL to^_^.VI Ailii^ 

^a 1 g nAx^l* 1 (j^AJ 3 ^ CIAjoI^aSI I^JA 3) iSSI J^xll J Ia Aj^^^A A_iJ J jujL^. ^LqjJo ‘ l^ (jjj 

CliV-^L-GJ ^3 ^S«\MI Cljljj[lui-0 (_J-G ^a^A 3] ^Vl*\ 1 ;Aj^jLil! Sj^VI 3* A-*QJ^> 1<Q 

Ajla!lll CllLliilaS] ^^Vi^aSI ^A A^IaI^SI CIjLqj))^ taSI cJ*^ 3 • 1 «^-'G^*-a]I (3^^ 

. Aj^jlill 

^AjJajj ^A (Jj cJaia Ajjoi^^JIj d^)LjjVI A^JIxa A-Ia^^JI o^Aj Jjj-aL<i]l 

C^IaUc.^ ^j^)£La]I ^SlxJI q ±1 JaJ^ C5^ AJ33SJ A SI AjS^ISjaSI ^jj-saLixll (JIaa!1ujI \ x^ijl 

CIjI^j^Iuj 3) j ^jx >.s-x\\ ^9 (Jc. jjll 3A liljj A *^Saa (_£ 3jLill ^aSl*-SI £a ^^aIIc-j 

(Atomic Force Aj 3^SI Sj£ll ^ 1 S^ L5 -S c * ai^JI JliL<Jlj .^jjllll ^ULJI 

Cj\ jjjU II ^c-ajoij ^ill t 3 $> a S I I^a 3 ^' (_>“! j 5 li . Microscope) -AFM 

^gic. 3A3 ^AjS ^jl-g-^ 3^ t(_£3.1SI (JjAjL&II ^9 U^ S_aj 9 ^H/SaII 

^jIiuiaII ^9 039SI (jjjLiaS ^Jajoill 3 . 3 ^ A n^ajj] 3 ^*-^-^ AjJa^lc. dilj Ajj^^ja A_nj 

^jj£j 3 MST — SI 3 MEMS — SI cJ^ 3 ® 3 ^ (JjjS-^SI A-^liSI 3*^3 *l£3^I 
^JsI^aII ^33 .(_^3^l ^SjlSIj CjLjj^IaII ^Slc. o j>^SI 3^-0^. 3° 3^^ ^ dAjlij 

3^3^ < s^juj^ ;MST S3 MEMS SI ^ u^i CjUlij ^ 3 a 3 *-^- uj - 3 ^ ^3^ ^ A_iillill 

.<6.3131 'SuS | > ,1 'l S- 3 W 33 ^-^SAaSI o^a Vi j ( CjI 3I Jl aJaI^a 

MST -Jlj MEMS -SI fcilyflS cjUUS A^l ^ 2.15 

Review of MEMS and MST Fabrication Technologies 


diLij jjjill Ajlijj cA^lj ^ja MST SI j MEMS SI 3 ^ *3^ 3 ^-Sj- 3 ^SSiA 

a^JUa! 0^.1 j <Sj£ ^3 CjIJJI aLHa 3- 0 cl3°^ 6 A_ij\liil a_i^LiSI 3-° 3-^SI c-aE^'il 

3J» ^3 aAaxJjoiaSI hAiSI Aij^ 3 (3 «EujI E-iajl (JjaJj iAsli^l (3^ l -— ^ i33LlaSI 

^jkAi cIjI^j^iuj ^^ajaj .MST Slj MEMS SI ^9 ^^3 is^ ^^-*-^31 3 ciAja^-aSI 

^juAiSI 3] Ailj^ajj .(3 j3Sj^SI ^ ju^MIj ojlc. Clj^Li«a3ASI L_flL^ajl CljLij33S^S] 
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dlljjjJjoi Liajl MST — il J MEMS — II 4 c.Uj-a ^ (jAxiiaij 
^ OjULJI J& L .^q^Sa IV^aS! 13 a ^ja^* nj . (_£j^) 5 Lia 11 (JjxjoqII 

. ^.^JajailS (_£ j^)fLi-all J ) » Ai \W J Jjx^Ml I ^jj)SjSxai 11 (_£ j^fLi-all 


CIjI^j^Iuj ^^Ic. (_£ j^jSjaII (JjxjoqII ^ jl^)laj a 1 aI£ 1 aS 1 CjIjI^I Ac .1 U«o jijj 

j (Photolithography) AjjjjJoII Ac-LJall j Deposition rA-i^LJ 

Ac-liUl Lai .La ^Ja-uj ^gic. Jjjaj s-S_2ic. <■. majS &jjj^ L . \)^j^SL .(Etching) 

AxjI_aa ajLa) & jx>i\l ^jjjLui^ zVtlL ^^Jc. ^ 1^)1 *21 (JI^joiI ^)Jjj«aj C 5 ^ AjJjjJall 

g. j)»^ill LgXyL^. IvLai ) ^liSl (JIS a *22 1 ^\\\\ Uia^ iV‘ia (JLajCIojIj ^AjJ^jJa 

^xj g-Loixll JjJj ^^Sl AjjIjajS'I djULflJI ^j*)jA*nl\j .‘U.Aqj t^ikl j . g.Laix31 cillj ^^ic. 

(Si0 2 ) QJ)S)Saj.i11 M,^\ ^jIj L_lluJj!ill ^ VLftxHuii A-IjoiC-VI ^1 J-a JJ^l (j-° 

(Ni) (JfLiillj (Al) ^jjiaIVI cJ^ l>° <ail^A (JjIxaj j-IxIIaSI (jjfLiLuJlj (S^N^) qjSjSaaiII 
^jj^aB xjL^ajll AxjLuJI L_njaij!ill djLijaj Lai .(Cr) ^ jj^ll j (Au) l_iaL11 j 
^ ilaJl j jui Jill j jjA.nl! j CVD LdIjajS S jA 221 l_iiujjj j ajjI j^JI o.^. t i£^l 



SjjjJjoi jiC. J^iJ S jjuj jliAlil! j AjjjjJall A^LJall J L_11 ujjj 11 jl£al c Lj 3 j)/ 

l_liuj^jj] VILa 1 — 2.15 . jjSjhull .yu^S! ^jlj j-° C'LoiC' (Jj^-ujjj ^ n^i jil 

.(Si) jjiSjUn ^Ic. (Si0 2 ) ujSjUI -\uaiS 1 ^jlj j -0 g.Lujc. (4 1 a Vi AjL LjojI c q a^~»jj) 


75 mm cSjLou j MST — SI j MEMS — SI Jii ^.121 ^ JaxIujj 

Cjlataj (JLaxllujl ojlc. ^j^SjJaaj dj^L-a^ASl c_flL-£ajl haa ^jl (3 inch) 

Jl 

^1 l^j jl j^. uj^ .(8 inch) 200 mm l^jLolj jj £1 jlikj 

Lv° l^jS^ (^ja jl AiL^ SAui^l ViS ( 0 2 ) (jj> **iSV 1 ^ja _jLiS ^_jAjJa ^^SS^. <L^,^p 
(J^x-aj UaiSVI ^.LoiC. j)A na .Aljka o A jo^I ^j^-2 ^0 2 j H?) ^j)~n aaiSVI^ 

Xic- ALi£^ 20 S^lc* <S j';aS1 AjjI j^JI S«lui£Vl (j^)xllujjj .^j^Sl 6^)1^)^. 

.100 nm 2 A 2 £Lajuj . \uaS S 0 2 >° ^Lioc. l^_La ^Ljj ^ 950 °C 
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1 00 nm 0? 

0 



LiJjjJa AjuLaaII 

' 



M 


I ftLJl j ^ 

AjuLo^I ^ ja 


(jAL4±lfl j (c-j) Ajj^uail Ac-Ukil j (I) c-LLuijjll ^ic- JHa 2.15 JS-ull) 
tliA Ax-Lilall ^A Si02 ^ s-Luic- ^^3 4_illj]| © 

1 ^llJ AI^Iauj Ig \\c- ^.LoiC. LiJjjJa AjuIaa ©jIaJ LiaJjJj ©^j£^ ^Jajai ^ \)aj 

(Jjjjj . (I — 2.15 CjIjjJI o-^c. 4 |im 

^j-o cA_ia-uiiij (_3^3 A-x-ujI JaliLuAj A_iJjjJa Ax.L2a ^ic. <«_J — 2.15 

Jaj .UjjjJa AjuLaaII ©jIaII ^^ic. e5^ J^VI JIaj diL^lis 

Jj^3 Ajuai^H JalLoiV 3ba-A (JIaxjjojIj i LiJjjJa A-j^IaaII ©jIaII lg_i3 l_J^C.^a 1! (Jl£joiVi 
. ^Joa (Jj\^a ^3 AjuLaaII ©jIaII ^jaj ^C. A_ia-ioiii2l 

s % 

M,S\ ^jlj e-LoiC. j'^n t LiJjjJa AjuIaaII ©^Ia]I LaII^. J 

. ^ 2 .15 ^^3 quaII ^ 3j (HFj s-Ia]| ^j^is £_paAa (JIaxjjoAj 1 g*iVi 

1 Vi Si0 2 ^ (J^iJaVi <_ja HF II ^i^Jaill .bu LiJjjJa AjuLaaII ©jLaII ( x1aJ 
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diLjl Si0 2 M (j! c3^ a*j 1VI 1 g L^Vi ^lill S^Lall l*1L s.I^^.1 

SjUI ( ja i^-P aJIj|I ^A a jJ^aVll j . Jjj t_fljjai ^i^Jalillj AjuIaaII SjIaII A_ic. 

Ac-Lilallj LjALuj^plI Cllls.l^a.1 j)\ jfiil ^j^aj » (jj)*\u*iVl (JA i. t 1 J.\a ^3 Ajl^LaaII 

Clilj A_iaoC.VI l^ya CliLiila A ql"i*N a ^a (JLaxIiujIj Iaa ^jIlIaIiIIj 

<_ja o.via a a£jjoi dll £ I 0-* O^A (^jAJtllujjj . Ig_i3 O^jQ^aII (Jl£jolVi 

x'lill ^3 Us j j . A''n, wll A_IaI£aa 1I dll _j! .All ^3 Ajl^l .ill AjjIj^^JI di^L-a^ll 

* 

A^ u*i ^.LauV AjjjjJall Ax. I \l~xW Jjjl^)la A''n, wll aIaI^IaII AjIsj ^^3 (JaxIIaoj t3.15 

V ^3 .A_1aI£ 1J a_jl .ill t,Jdlj d_ll^j jdu^jl ^yl\ (jx LajS (Jj-aJ ^^lill Aj Via a 11 iajJ-i^ll 

^u/nl a1aI£ aMx a a_lujLujV 1 MST 11 j MEMS 11 ^ u^» ciil^j^iuj 

dll _J J^JJjuaII L*i]j (jl A_liAl£!i]| dlLa j)Via1I (^^al^C-l Vi (j^l cCMOS H 


. 1 g x a A^al jIIa 



AS-LJall J c-uaujIIL Alai 11a S jl.2 ^ AoUI-ill d£L^jll ^ic- Jlla 3.15 JH1I 

: ,ja IBM Alj-uill Al3l ja Axj JluJI (jaju 3|) (j*na nil j Aljdall 

(<http://www.chips.ibm.com/news/sa27.html> 
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MST — II j MEMS — SI ^jj5Lia]I JjxjouJI CjI jjj^ jlilc.1 

CIjI j^)Jjoi]I tiilj ^jlxjLuj liLiAj .4 >/i>/iVu (JxiJaVi CIiLAaC. 4-C. ja~N A 

. ^gA-SajuJI tj? j_j^ja!I (Jjxjou]I J ^ j^j^jaII lS^ L j> ^I :AjjI>^'I CLA^nJadll ^3 LilL^. 

(J^juiSI (jJJJj . Ijj\ ja)^ (jj^jlxxtll SjIa ^jjIiaL 4_iLa£* ^ Axxi'vll (Jjjuaollj 

f a 

^JaxIiuiI i JliuJI I^A ^3 *(3^3^ ^EaC- ^lljV ^ j^j^jaII (JjjuujLill ^ic. VH-q 4*15 

aAijI^I 4llij-aLk c. ^ \ \i.u\ Uj| ^j^£^a]| (j^fLiLoill Aiud^l ^jlj ^jc. Lja^c. (jjfLiLuill 

L_11uj^jj • 4_Jai^-lA AjIIIa dal : ^i3^)]l £ 1 _xaxJI ^^3 U ^)3 jJ ^^3 L_J^C- ^aSI 

)o» x«o Ale. U[jaj<; nxxi_jj ^-a-ujj ^j^^aII i_g_^/l (_^1 ^jj)^} lx dill 

^Uj 1c.U“ia' 1 <jjaij ^3j L_lluJJjl! SjI^)^. ^ ^^Vlllj LPCVD (_pai^-iA 

£A 850°C ^ Six. cilll ^ .(NH 4 ) U J^VI J (Dichlorosilane SiCl 2 H 2 ) jj&SI 

.1:5 <_£jEaj Ljjj-oVI _jjl^ll ^liiil j^LuaII 4jA^^k <iuij 



(RIE) ^Jjl 



^ \ A ^ pldAdJ 

jAlLill (Jj» xTmU (_liaj 



.JaLua ^jxi*\a 1 ^ axx >%11 Jj*juu Sjjjjau ^ic- JULa 4*15 j£-ui 
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Asls^}!! ^ic. A^liS £Jl3aJ C^jjfLiU Ajjdj £.LxjoC" L_ 1 LujJJ AxJj 

JlloSt ^3 Si0 2 ^ ^.LuiC. AJl^. ^3 UUij tiilil A^Lola A_JJ j-Ja Ac.LlLa Aijj^laJ 

J 5= 5= % 

. \ g jlc. (JI£-ujV I 3Vqxxn ^aJ ^Jajaill 3 ^ Liaj j Aj Uj jjJa AajLaa o aLg ^ UVi V jl . ^jLuJ! 

5= % 

C£.Lg1I 3 ^is i^a V Aj 6 (CF 4 ) La^ylj Aj^jlill ^.LoiC. ^jxija n ^3 (JIgxJjoijj 

Aj^Jjj ^LxjiC. ^gic. J&^ll JaliLxlj AxJj . (jj^jlxxill ^Jajaj C. Qxxi ^*1 A Vl3 
^jaaIa (JIaxILujI 3 (Jjixjuo]! Aj\aC. ^ ^U-vn . A V‘^11 tillj 3 JC. (jj5j\xxill (jIaj j 

(J. IIIaII AJjoi^ j^jAA jl (KOH ) 3 ^a^JjuAj ^jll A Uxi^j^)A& (J^jS cl ) -0 ^ Vi<qV (J^Ija 

^.Lujc. Jj^il ^aIaVI A3l3 jll ^jc. l_il£ . (TMAH ) 4 

^.Axxl^vll 3 (J-lX-xlllll (JIaXJjjJ (J^AJj 1 a\ 1 Aj^jjjll 3 A 

.LjaJi ^lxJalij 3-i* x^i ^jx i;sa ^ u^il oAA 

(Jjxjoli]I 3 jUa]l (JIaXJjujVI ^3 A*jLui]| AajISII ^jjIiaI! (JasUou]! j 

SaIa 30 3 j^a c 3^3j <iljaiC. (JI 3 J ^J^j'xxi'l a3j£ ^jxn^Vi 3 C. LxJa^tS 3 

5.15 ^jjUJ .Sjj£^)3l ^jc- lg_c.ljjjl A_ixj 4j5nl^jA\l A_njll Cli^j 3 A (AjI jA^ A-ijIj^)3 

SaI c. fiAA IAjIj . ^.^vJ^xxlli 3 J^J^JaII (JjXajjLill D 33 JJJA (JaC. A jqj5 ^gic. V^i-Q 

nxxi_jj l^IIa £JJJj * jj^.)^'^ 3 A A3l3^j ^Jajaj A_ilaxli] (jjj^lxxili AJ 3 JJ (j - 0 l_Ujjj 

UjIl<u£ aIxujI jj (Phosphosilicate glass PSG) jjiujjill cia KjL x ) ^l^.J 

.A_llc. (JI£joiVI JaHujj ^aJ t^jj^Sj'xxl'l LPCVD (js^kW/et 3-i je x>a Ale. 

% 

^-3^)1 vilSi Asu (Jl Jiuj Ajljill SjLoII IajLjjc.Ij djl5j'xx) SjLq 

* 

i^j 3 Jj^lxxi'l j tAj5jil5j<aH SjLall L-Lujjjj qC- Aj5jil.5j<aH A_nJ I 

1 g x^»j\V^ ® ^ ^ * jnj 6 LPCVD a^)j^)Jjai]l (JLajLIujIj AjI jill SjLaII 

. f . ^ . 6 

(JL< 1 *JjoiIj J^xIaII ^j'xxl'i ^3 (JxlAn t^LxjdxJl L_llx-U^)J 

J^xIIaII c jj < sj'xx,« 4 -RIE C 5 Jc.liill 

J> « 

S jl_A .AAl3lVll A (Ja! Jj^lxxlll ^T^XX) ( X-Q (^ 5 ^” 

icJliiAll ^3 .£.Ia]| A 3nxx)l C1 j\5j1xx) jtU.J 

* 

A *43-1 \a\\ (_3^3 ^.1 Ale. 63 ^ 3 ]! LT^ t ‘" AjJa^lc. 

A j3ixxia\ 1 ^ U^-ll AAjalLuJ^fl fiAA (JLaxIIujI .AjIjAII SaLaII 1 g \c- CllLjl 

jLxull ^uLiLo ^3 <1axj-uia11 
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AluiSI 

m - ~ 

jjSjLill jjjiu 


J 

l 


Q jfLAuill ^jIj 




L _ 1 Ui' jl 



I (Jbjil!) C_)ljUi AliJJ^Vl 


jLujj ^j-uIjAa] ^ j^Sj-4 Jj*-uu d jjja<u4 Ju-« 5.15 
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(j jj!Lla 1\ JJLuuII 4latSL 3.15 


Integration of micromachining with microelectronics 


£-ix-a ^9 Ic. jJja (J-i*-ujjil ^C-^iS lix-aj JjjLaSI ^JaiLAll ^9 1 _Lq^9 

J^xjuiIIIj ^Liajujj (jiilli 4 .AjjLdSI MST Si j MEMS Si 

LI . Lg-Laxi ^jaiLuVI ^ jg LSI ^LjaJ^ Wx t i a ^ gic. 4^^Ja-uiSlj ^aja^JI ^ j_j^ja1I 

A_i*J diljj tl-LLj ^jj£I (jS Lj^La A_1 xjaa £_ix-a S^j^jjjaI ^j^aj9 sIjSaC. 

£■ jLaSI J aVi J AjI^jaII aJja^U A_i9Laj CljLiiLaj A-AjL^j^S dj^\jx*ajj 1 g n^tXi 
jSLl j ^Lax^dSI (JIaLL cA_^JLaSI ^gJJ AildaJ j . L jjx>i-k“i j passivation (cJc-LiSI ^ 
(J^^LaSI J^VlS J^^ll ^LaxJI SjL (J^ajl >n~\ ^gic. A_i1ia1I A^AaISL djlj J^^SI £-a3 ^AJ 

. Lg j9 c_j jo^aSI ^giLijl ^ ja' 1 j ^jjja^SVI 


(JjxjouSI A_Sa1^a A f\\ ^JaLlI IL ^9 aJjLjj t, SI^ja (_£^S! ^_5-da^-^SI (J x*a \ \ 

(JjLaa A x x>ij dlliA cdlli A_a*_aj jj^a'I ^jjjj^SVI ^lix-dlll j£ Jd^J^'l 

: i-^ 


. a_ 1 aI£jaSI 


Wl 


£-ix-a djl £A ^ J_J^.)a 1I (JjXJOLlSI J9i jJ 


. £.\ Ix^tTiB (J^jl^la 
.Aii^iii 
. AiiliSI -}JA 


S^j^lxjj <jl ^Ic. aLaI^iSI djL jIvaSL Ails'LlI ^Jaill djlg_^j ^^^1 ^ jJvn 

q \ VJ .iLlSloll djIjUl djl^)J^)JjA £A A^IjJA (jl C > VNJ ^JjIiaS! (JduaLiSl 

6jUI (jC. A Sx^q A AJilii^j ^ic- L j^)fLiA (Jx-aaSI jl^aJl £_ix-a ^ic- ^a I j^)XA ^LjJj dSLfc 

^gic- AaIaa 0 ^)£a]! oL ^aC-^S ^r*s^x ^aJ.l£j (j^AJ .6-l^.lj AaIc. ^^9 La 1 ,ag nlx'i ^aJ 4A_1 aI£!1aSI 
jj£ij ^1 ^ jLuS! ^LL diS^ ^ SI J1LSI j . ^^jaSI ^ij ^t'VaSI (JL-ajI A_ai^j 

^1a*JI ^)A 4AJLJI oL ^9 .AjJ^)fLiA ^JJjill 0^)L ^A (JjA-a^A df^-J J^)^iA ^JjJ^A 
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Ia^J A (J? J^jSjaII ^jLaj ^jjLiLq £ji*. 


•vll £_L-i3 Aa1£jI ^j£aj tA^j^)la]l o3 £-LjL .A_1aI£ja bj)\ J £a 1 g n\*1 yjia^^l 

(Jj^aII ^ u^i jj^AJ AjV Lil£ (JaISja (j-o I'JJJ^ (Jsl L)J^ L)' <3^*^^ 

^JAaA'I AjAjC jj^AJj .^Lnjaljj UaJ-uJ ^J^iJLA (JjSUoj ^ ^)Loull ^pjLiLo^ i^-^IaII 

(Application a ^^Vu'I a1aI£jaII CjIjIaII lilij ^LjL 1 g ajuAIj <UaI£jaII SjIaII 
Aj*I i! <_£aJI ^c^jll tJAiull y^j -specific integrated circuit ASIC) 

BiCMOS "ojjjixx 3 MEMS — II * jjj^j 3^ Analogue Devices 

iu*n 13 ^ 3 ^ AjjI«^LVI 0g-il^ 13 A. al£j . I^j Aj-aLkll Ajj3jII 

0 jla 3) ^£AjJ ^^^-A^II ^IjjVI d3 O— jAAJ AjljaIj dljl£ IaI Lai ._jJjiaj]| 

J^l£l<dl Analogue Devices a^ 3^ 3W^ tAjlg-il' 3 ^a^II 3^ 

(J-al^!i]l (j^J y)AuLLa yj.3^ (3 C> (j <Q ..^ 31 ^A oA^.lj 4 _Ij£ j)A jJa 

•cM 


^aII ^_a 3^)1I jjJall JalLujVl 3g ^A AjJa^tJjuij t S^«uj (_£3I ^3"^ (J\jaII j 

£ -* 

^^Ic. (j£ tAjj'jfLi-G ©I^>a (JjijIaII L-J'jlij IajS ;IjA . J^L^I ^-LaL«dl ^3 

fi'j g_3^l 0-° (3 (Jj Vui.i.all yij . I_g_i3 Aj^C.^a1I S^jx. 31 taA^. 

^3 . CllLij j3^V I £a AaIjII aIaISaII jj j A j)A o A^.1 j Ulij^ ^3^ 33^ I 3 y)-a Iaj^SjaII 

. A ‘iSaaII SAj^. 3 AAJ^)la]l ^A AaIjII a1aI£aII tAJ3JI oAA 


I (Jl j^il! ^ ^)la ln\c. C1j\ Wi.aH A^)^-a ^j-a AxjI ^A La \JoML 

II j t A-jj'jSj.all dljL-lj {js' i*sj 6 l„Aj^)L ^AXalS^all (__5-L-ol (_^j!lui-a t^IliA (Ja 


0>a ^gJlLaVI (_g jllj o udl JJ Jl^ajjll ^al t j j x ^ql l (_^Aa 1I ^ic. MST — II J MEMS 

(Gordon jy* o ^ -W^ 0 *^3^^ ^aLoiaII Ak.j!ill caIaI^aII 

oj^ill oaa yj-aljj .1965 7 <»lc. ^ A^k Jjll lAg_j dntel J^j ^jLJI L5 -uuai j-a A^kl cMoor) 

31 3 3ij .Ajja 3^ Cj ll'jjjjai^l 3^^ lic-Ljaj tilliA jjl 

iS^ 6.15 JS Ai II ^3 U^f*° (3^ aIaKa'I ^^3 A^,j!lll 13 

1968 ^alc. ^JA 1^3^ lg.1c.lj 3^^ dl3 3^^ *^^ C ' LS^^y LpLlJ IjWu 


.2002 ^alc 33 
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aIa Lj^uj Jjj) A£jAu I^jpL CjIjjIujjjI jjJI ^jJLo^V ^jLuII ^ Wull 6.15 JSaAI 

: JIjI aU!j-4 au JLuJI (j-ujSI) 2002 ^ 1968 
<http://www.intel.com/research/silicon/mooreslaw.htm>. 


£a A_L^^}a A_1aI£ja1I CMOS (^^ajjaSI Ajlaj CllL-aj Ail 

Ai 1£j ^jI jjj j .(j-aliillj jIxjVI ^)-o!Lujj j <10 nm O' 0 4iLS.JI IajLuI pjljjal 

(J^c-lLall aas A^j diaj c — . ^)jxj-ali]l jLp^l aIaIS^aSI djt^l.iH L*llj 

(jl ^A ^AaIL^JI ClsUsta jail J .(jVI <3^)*j (_£lll ^jJjA^jl^ill ^p 0 Ai^All ^p 0 AaajaSII 

^ <L jj]I c j^l .2017 ^ 9 nm 2)-° M j^SS jj Jj^ 3 

j)3o i .MST Sl^ MEMS SI Lp° AJall^-A ciAjLL l_Aajl ^jVS aIaISaII 

^ AJLill A-iaLaVI S jJa^JI j^loj MST — SI j MEMS — SI (jl L — j <_£A^I 

.a!aI£ja1I CjIjUI <SaI£a 

Sl^ MEMS SI (AjlAnlaj ^*1 i^a ^A A_iTaV^I11\ CIAajjJ-V'iaII ^jl <S^3 aj i* Ta 1^1 

La j & Aa* iij ^ ^Saj (_£^S! ^l-g-ll JI^jaII ^jli c Au LajS Aj^jlill AjIaIIIj <Aj_jl_^aSI SMT 

AJjaLujI AU£a (J±ul Aj^>\j ciSliA <lilU. .A_al£liSl c." n*\ L>° L^J*^ ^qSSaSI J^jl^Ja ^A 

:MEMS —SI Ail&l 

. ( L)-iAjJa_l]l • 

. \jj\j ^JJJJ)A > U*|SI • 

. V _jl ^JjJ^AJjaSI • 

Ajl^lxk £A ^JjliAll (JjjtAkLill S^JJ^liA djl^lxk l^lj UxlT ^Jj.Ox.PiMl (J : iA*n 

^jjiaj l_l^j < ajjIaISI aj^UII *u^_AP^ (jS-pj* ^ A=k jj LiA . ^jjjjajxjjSI ^ju/i 

Ljj -^T^St \ ^Ljall ajc.1 u^i Aajjja^a ^USI c > i~sj cAjjL^aSI A_i^.LiSI Lp° j <&jjj^i1I 
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j! ULa 14 q\ i, UgaMI A'd, w aLKU djl^jla ^ u^-i 

Aj^Ula o^)j^jJjui ^ULa (_^dl A_Lil£ddl djljldl ^Ix-ia-Qj . dal jln^ll ^ja daldi £a 

A-id^ dil^la ^IdV aJUV JUIIj j d_ia j\\ ^ja I^jjK cJ*^ jl a s>j 

df-add Adu Aj^jj^Iuj ^a d2dj^da Jld.jlj ^Laj Jg O ' 0 L)^ 1^ .U^dldj 

^ UK S^)j^)jjai]l (j^u^Va (jdadl <jlK Ijj V] l-^-^a MEMS II ^x u*o Ajld 

II Uldo JU1I <jU j ^2) tA_iddyi Italia Jdid MEMS dal Vn<a 

Ax aU dal VVadl Jjjjjdil AjjUMI A InAll Cdl£ j ^3) tAdidadl MEMS 
(j_j£j i^j\ Ax 3-iqll AiKla ^jli cc_fllK ^)dj a^iK jig ~n 11 Cdal£ 13! clxda . ^jj^jdVUidl j 

.IgJ ^-Kl! ^UjVI *■. \ ua\ A-Kjoui 

Analog Devices aK^>UJ! ^d £- jLdl! (j^LLo ^ uUa eld! aJJ U^dl U1 Uajj 
^jiJjULd ^jod jll (J^idadl Jdid .iMEMS Ad^dll A_Udad! Ad^Jdlj 

da . dal ^jUdl ^a Adi jq]\ dUi j\\ ^dLaj ^^Ac. J-oxl] ^»l dax^l da j. 1 ^. ^j*u*iVa ^a ^ jldJI 

<jdl jdl ^ x^TaVaj el_£_ia ^iK (jUI JJ daljUdl ^a Adi j^JI dLuj^ll JUaduil <_£jl 

(jL Jjd dliAj . l_£_ia £-ld ojUjuj J£ 1 £ nS jj IdU. o.W'dll daUVjil ^ 

d-°j .2002 ^Ic- ^ (jjjK a 1« lg-*aj ^1 Aj*_kdl dic.L d Analog Devices a£ jdll 
(J jUll Jdaal A_i3 ^jxodadl JUdiuil ^>d*j ^LLdll ^jjIj ^ 3 .) ala'a l)K-q 13a ^jl ^dal^ll 

.AdlxJ! AdjVI AliiKj aC. 

daldV J jl ^Jj A^l^, dliA Cdl£ jl cla j.W<q ^idadl 

cJ^ ^ . A,q\S all A A^Ij vW ^jxcuJaJ co^^dl 

UoJ cMEMS II ^Uiaj j tLg_J ^jiLuidl (jj*^ L^° iJ * ^- g ^ u ^I ^ILVI 

.l_AdtJ ^1 A_Lold]l ^ji^aj-uiII (3^a 

; # 

W^j aLqIK MEMS ^dJd ^ 0 cdd^ ls^ J 

Sandia A_ilLa^ll UdLui dal^dd-o (_^d ^_jia^)dluilj 0 ^-^l ld^ dl .aLqK ^_y 
.aLjUI a* d^a (jdaj jlg-aJ Lida jc. 7.15 cS^dll ^ jj .National Labs 

0 jjjauj lSj^ f> .MEMS — SI jU^ ^' | ‘^ i .!“ i t- : ’ Ailaj C 5 lc. jj^. V jl (jSoAij 

j> 

^Ld co^jj^jjjdl fid JUKI . _j J^3I ‘KL MEMS ^ ^ Jdt_da 

Idj d^xjj . US nldia j IdljxijS I^LoIKj Aala^ll Vi tjlj duKU jJ^JI 

aj^_^.l a^idVJ 6 jJsdJI j . ^) J^d ojjUa dal^jU ^ u^al A_LilK 

daldjoui Uqj A' a^ 8.15 JS dll ^jjjj . _j J^3I d -0 ^-iljdl AiuKVI aJIjU MEMS i! 

•SUMMiT UdUi $ jjj^joij c “a» h^i 
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di^J A \a>sia MEMS 


(CMOS) jV^ll Jji-uij 4iklo 



Ail 

AA 3 

BPSO V 

. 

PCTEOS 


>J1 f\. 



^i_r- 


,«** — 


^ Ai^dVl 
X v ijiii 

jLaulo 

iM* Ajjjjj 


As - ^jlda Aiiia 

Ajjlij 

MM poly 



n - t-y 5 j£j 


13 4jj L iiLu, Ci\ J n-\ a (_5 a! U jjjIsj ^ MEMS J (_yijA±ut jl^aJ 9 7.15 JiuJI 

: ^j-a 443) jaI) Jaj uouj£1) 

<http://www.sandia.gov/mstc/technologies/micromachines/overview.html>. 


t^c^jSI l-l^J dlliniaj 4juJaJ .Vjl (j. J ^U joiSI ^ykl ^alA cdLiAj 

CMOS ) cif-MEMS' 4 —SI 4i;jl. U* S.WU'I cJUtf jil ^ VU*jJ J& i <j£S 

(jtjiijiall (jUU .ASIMPS 15 16 4iijiaj (integrated Circuit Foundry MEMs 

^.Laic. ^3 a VI 3 ls^” c(/-MEMS 0^-j • (j* AiL^.^UI a^J1_*_a]Ij 1 ^jl 

^3 A L^IIaII ClllliLall La L-JjiJj dlliila ^ja^n ^n.^'n a1aI£aa]I ^^3 (Jxadj 

^-U. jll J AiLiLaj JS-1 xI1a] 1 ^jjLdll j! vLadal! 

. ^Uill dLai (_j-al_dll L_J jiUl 

5 |J.m lA_jlJa3l V S— Vi3 ^’u/i cAn<iMl o^A ^LaVIujIj 

* 

^ AajLs ^ u^i\ AiLi^jall o^A d i\a»‘u J dj .A-iSldaj Ajj jda Ac-LiLa dll 

^ d'Lill dllj ^jLxJI ^d Ac.^)juj dll I^)a£ 1I dl^l * jA f\ 

AjlVlH dlUtl^k AJ Jj3d]l dlLut^-A J (Ja^yII <Ajlill ^^)Luj1i]I C^jdLalll 

# { t 

^j-al_i*J ^ jLaj £_d«£a] Idajl AiLi^)la]l o^A d i\a»*uh1 j . Ajj^IjaII AjjIjaj^'I dj^ylc-laAll j 
AjjLiuiaII Ja^iadj ^4 AjjJaJ^dill £jld^ld <11 jl3 _jjC. Ajj^Lia ^IjaI 

AjjLdill Sj**V! ^Ij dlLal^-AJ A^lxill dll d^)A J dlldl J^Jl J 

.9.15 (J^dll (Ja*\ 11 ^jLd ^^LiLo ^a LaLajaI 
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LjjLui "i.. ^ "' ' eJJ*ia dll Hi a a s^a> ji ajj^a 8.15 JS^iJI 

AjjJajit LijLui (lit ja£ a Aait jjs Jaj a dLuujil) SI \I Mi l 
( <http ://mems.sandia.gov/scripts/images.asp> 



MEMSIC AS qm att ^ tjj \ jaJt JasJ! ^jLuti (juLLd a jy^ 9.15 JSjUI 

INC. MEMSIC AS j*2JI Aialj^ j*j a Cmii. iSt) 

(<http://www.memsic.coni/memsio 
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a ^ Ajj cif-MEMS l-iIIiLq (_^^j 

% 

<Jx9j A CjU j^aII ^j'uA'i A o^A j . (Jja Vill ^U.j 

^jc. (Jaj ^lill C1 jIauI<La]I (JL^a ^9 U-J^ L)' ^ . ,4 >J (jjp (j-fJ 1 *— ^ J)> q ^ (jl Ai^LuJI 
o (_£ j • jl^aJI tj^i-ulil <J^Aa (J jj-£ 3^]I A_ixj 

.(Carnegie Mellon University) uJ^ C 5 ^ ^-xaL*. yr^ ASIMPS & jjj^ aKAaII 

(j*ijA*n\l lc.Li9 ^ j (_£ ^ixli ^^-Ixa]! y£ jJjoiaII (Ja*1iujI o^A ^9 

jjp ^)* ks^j\ ^pjlLdll .IW'n cAJUJI o^A ^9 . A"i Vi (JjAklil! Aiuj^l CliLliLal RIE 


. (Jj^)^a]| ^jc. (Jaj Ajl y'uAj aJj^joU ^j£aJj ^^1x11 ^j^xaII ^jjjaiAll AjLila A_Ia-ujl^J A V‘iq\l 

% 

XeF 2 (JIaxIujU ^-LiLo ^jIIiaIj A_JaC. ^jjVI (JaiaIiII ojlxk JIaj£I 

Aj^Luill (Jxsj ^jU^a] V^a 10.15 .A_mll l) - 0 ^ Aql 



djjjaxjJL *_L-a a XI , „\\ Jkij (jU ja! $ j 10.15 J^aoI) 

(G. Fedder a^ja ^ oJft) ASIMPS 


Outlook 


JosIulaII i_il jiJiluil 4.15 


djI^luJl SMT II j MEMS 11 (Jjjjoill ciiLoil^p ^ja 

Ajj^. AjoiIjJ djuli ^9 .Ajlilill ^aL ClA_uj|_j.JI tillj Cjujjj tAjjJalAll 
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Jd-*j Statistical Process Control SPC o jjjjuJi 4-uU^i.VI S jl^YI j 

aAA ^aa] -U13I ■ " X I ^11 ‘dil^j.21 dJ.1 ^. J . %30 — 20 (_£^Luli L? ^ ^ ■ ^5 ^aj 

tJaxjJall dsLoLii tdCj.^ll 44 jjj5Lia]I dLlxjLall c(Inertial) 4-ilUaxll f'l ...Ita" : 4X.1 jj. -»" 

jj-a dll ^iioii] <jail^).2l Aliladall LuLu Lajoi^) 11.15 CS ,','.11 j_i±j o . <J odl J dll -- a j ? d 

.2003 ^ 1996 

(jc. jjjtii NEXUS lgJj^.1 ^^j^. 1 4-uiljJ du-adajj 

jliLa 38 Lajj a 1 996 ^ jLlo 14 £-ii MEMS aj^sH ,_5-allc JJjdi 
d-i-d. j .2005 ^Ic- ^ jVjJ jL4a 68 ( _ s ii. aj-aj (jl£-al ^ t2002 flc- ji J.1 
jdi d_jjai ^1 J MST j MEMS ^jic. (_5 jlaj ^j]l <3131 Clil Vnxtll 


.A uniJVix xi \\ 

• djlxjUall ^3 dlij ija j j j 

. c_ilall ^_jd_i3 diLalaj-G 
•CSJ^-J (jd Ij^adi 0 j$^l 
• dll .AC- l_Ul>Q 

. -Laxdall idLui^-o 
. ^ ^jLdill dlL^-o 
. dllj 

AjoUdV! AiUnl! ^jjillULa dUjJ> ial^^a^. L '' i~d <x3jVI dll aaa, -a 

.^jjljaJI 

. (Jjadll dHaa. ^ 
. 4 j^^)5Llq djldld 
. ^a.A]l ^^3 £ 1 dlLoj))-^ \a 

. ^jl )xn^H (JjlVlll <Jj^)fLlA dlLajlVlxi 
.AdjjJa o_jli 
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^^3 lilijl <jls (J.1 aa A_lic- c__fljjai Ia ^-La^VI ^a^c* 

. ^AJ C^lljA ^j^SLj < fl^JUJ AjI ^ ic. i^Jj^JOllI CllLujI^p lA'Ni 


<^ilj .^3^ tMST II MEMS 11 a iui n^ll dAq nW ill dilL^ aII ^jj 

£_a ^JaLxIill S.^}iiA A_aj^)Ia s“ Unjl " o^)ja x^ill " A^L^I^iaII <jl A Ts^. ^jc. La^Ij 

-}£s CIj^LxajaaII A 1a*W a II ^)j£l U . Ig lj» tin jl (_£ j^)£Ia1I ^LLaII Clal j ^)&l^lall 

^ja l^)jj£ c > illan V £ jjJall A_i^.jj t Aj^)x^i ill dAiniaii]! ^3 U-J^ 


MEMS lLa .Aj^jLill A_jla!ill AjjL^all djlfljuJajll Jl Lill£ijl £_a ^ajuj ^ J 

^)±uj A_4-^C. -LajojjJJ ^£il ^Ja-uj ^Jc. ^jj^aljc. £-»Jaj jl (JjxAil 1.1^. A_aJ^La MST II j 

% 

II (jli tA_iJ jfc^ill (Jl Jail g.1 , V'VuaiIjj .Aj^jIII o Jll ~N a ^3 ^jll ciilil A_£jLola 

A_1jj£U1I C1iLaj))Via 1I J JaJ^)J J ^jSa l (_£,HI .\i^ Jl (J iUaiII La a MST II ^5 MEMS 

. Aj ^ jLill ciAaj))Via 1 I ^ 


Questions 


JLuia 


jLiiLa A aai.^S Jjjil Ajjlc. ^-gJau &^)J_J^ja 1 A-o Jylll Aju JM ^Liill Cljljj!iiaiA La . 1 
*?cif - MEMS S jjjjiuJI J ^clij a Ua l-jJj 

?<JaI£jU La .2 


MEMS II ft_J_9^lui ^3 ^jLaxJjuiaII Jl }a iSH ^jaiJa 1 ill ^Liiill SjLa La .3 

? ( jjfJ J JI ^jaija i'll fjj» j^uJI £a Aial jIaII 


(_$jLJI ^JU^lMI ^3 Ja*J-U,La1I J^jSjaII (JjjuoLill ^3 JjXjLuill (jLijIa* II LaA Ia .4 

?MEMS —11 
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AjJjU]) A A A 1*8 <S l j 


Nanoelectromechanical Systems 

(*\ * • 

' \sjty u'aA-- 

bi]j%2 iLuliiuuj 4xal^ A aUVIj 4«uiAifc ^ui3 


. LuLali — <* j* 1 Vdl £jjjjU AxdL^ 

'-IjUjjU 

Lil^Ld cLjliluuj AjlaL*. j 4-uj.iifc 


NEMS -SI c>J MEMS -SI <> 1.16 


NEMS Of MEMS and 

dll jUI J C_fljUa^ll i A \\ a a! 1 ^_n]l (JaI^J ^J3 ^£1 

£d.i^. \lk\ ^ o Ju^j di lj Ajj^Lia 4 aJ-Vi! (Jdlj j_j^ja\I 

1 Ajj^5Lia]I A a)ViV1 o 1a (JaI^j . ^Ic. A_ajI£ A_i^.^]^j£j dal 

A j^j'il^jA du^lJ t_udA jl da^jLlA £a _j jdu__pl ^jjll ^Ic. dAdj^jjfllj ^d-al^iA o.l^.j 

AjjLiaj^j AdLjja da hu^ Aj tdjlAUixAaj cAjjj^ia djlddaAj c (Mechanical Actuators) 
Ail^jj iAiUall g'dii J C(_)jjULa]| Ajjoilllj aJjU CIiI^iaI daldl^Aj o^)3^a tAjjd^j 


1 ’ 1 Stephane Evoy, Department of Electrical and Systems Engineering, University of 
Pennsylvania, Philadelphia, PA. 

l>t) Martin Duemling, Technische Universitat Hamburg-Harburg, Germany. 

/:|::fcs|c\ 

Tushar Haruhar, Department of Electrical and Systems Engineering, University 
of Pennsylvania, Philadelphia, PA. 
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0 -li^.j a£19^j n l.!^ (JaI^J ^-ajuj . dllx9.9 ^Jc. aJLxaI! £a Aa^JLia A 

£a SjUa ^}JJC.I < Jliall (JjXuj ^Jc> * J*-^VS J aJLxaIIj CIAaJxa]! (jAjJajj 

^3 dj| | j CjLJaj^VI ^)aJjjia J l'I) ) L_l 9 l^)J ^jl! lAjlaxI oa ClA a (jA A^. j^A a£j-uj 

j! i Aj j£^)A aJLxa L_llal (JaxI! Jaj^jjj (jc. CIiIaJxaI! j)A ^Liui (jAjJj ClAjj^A 

(jjAj.i.'ng .all ^jAL (j! (j^AJ Jill CjLui^aII (jA ^jAxILj $.\J! A \\Aksrj\ iS I^J-a^. cJ^-^ 

AjJ£ j! AjjJaJ o> JaI jjuJI (jl lg_il£-olj <iixjJa A ‘iSaI _jjWn 

A-iiujU*i^kll A_illc. CIjLua^a (jA ClAS u’lil J-iJal! jU^ijVI JajJ (jl AjLuIa (J£jaj (j^AJ .(_£^k! 

. cAa^a jl ciol^J I JJ I jl Ail ajjj^JI jl a-lAjaJII 


J^h^a ^9 Jjj J (J^joU A A m Ja A-iIaI^I!! Ajj^JjaII A a)ViVI Ljajl C‘ ^u«ol .Ail 

(Reconfigurable) JjS^n SjIc.1 JjIA Sjja 1 $ Aj.vfi J^Lk jj-o cAjjj^iJI 
^ ^£1 .(_^^^.l djUlSj (_^1 j 1 g qjq Vi (j^-aj V Jillj Ajjw^jH clAS J\1 AjSjaLiJI 

AJjliiJ aJLujV Clillnlxil A-iIaI^a!! AjjjIiaI! jxlail! ^Jc. JaxI! (_£ J (J^j I fc^ijl 

Jlxil! aJIxI! ajSUjjvUI CjLi^. JjSMI Jc. J JaI! L-ilUl (jla JJIjj ^ ^ ^ 
jjjl JJ C* lUliiaJ djjl .1^-^ (JaI£j (j a I Jl£ lJ Sjjoj l_LJI£j1! A Jl j 

,Ajj JsjaII ^ I ^aVI\RF 1! dlVI^-a (J aIaKIaII CjIJ^U CALjIIa ^)jjaj 

JJ Ac-lL^ Jjj jj J£J (Nanomachining) c$ jUJI JVI 

AaLuaII A_ix*ij j l^-Aj-N^kl A ^j'Vij .50 nm ^ cJSI A_njL^. ^Lul A j^j'iI^ia 

(Nanoelectromechanical AjjjUll A j^jiKj ajj^£]| a^J^\ j^-oj tAJUJI ^>^1 1 ^1 
cljLiujLui^ S^)9 ^a A_i^,^]^j£j (jj.u*iV‘i a x^i ‘ia ^Jl (Jjj-a^llj ^-ajujj (jl system-NEMS) 
(_^ j^j^jaII ^JjxjuIiII lx>ijl t^ilj AiLkJaj .AiLjaA A_1 j£ jl A_i^.^jl_k (_^j3 oL^j A nn ^ 

c (j>i^ iaII GHz M (^1 (j^ I <^ilk-a J A 'll ^>ja Aj'n'i^) CIjI Jl ^ J 

^Ajujj tAjl_JI ^9 .oAi^.j A^lij (Jc. RF S^jLujVI aJI_*_a A a]^^ ^9 ^LaIaI (JI-^-a j 

aJo^^La (J£-u1jj IaaIc. (j^-^ (JJall ^^9 dil aj~n Vi Jl ^ JJj NEMS il 1 fc^ijl 

A^Uail (j^Aj c(Millikelvin) (j^\^j\ a\I (JL^-a ^^9 ©^)I^)^JI aJL^ ^9 .a_lujI_ujI ^aI Ja 

^^-aja^JI ^j^jJall (jA j*-^al jjj^j (jl GHz — SI JS-?a J NEMS — U AjjI^JI 
2 _jja (_>Jj Jl! (Transducers) AiUal! CjVj^ .(Intrinsic quantum noise) c$ jAjJI 

JU-aII A_^.l jV! (^IJ ljl»9 J^.V’ 1 '^ ‘i (jl! A_iujLai^J! (jc. 6 ^)a A_1aj ^xj! Ja^9 ^^A J J! 

7 - 8 
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A f\\ 'll A- aL^VI Laic. Lja^C. jj-aall lAA ^aAiij 

^c. j!A\ jj£jii]l c^Lui^ill j ac. 1 u^n'l djl_i^.jl^j£j ajIaJI ^ .(NEMS) 

A_Aj^. Jjjj ^ .RF II (JL^-a CliL-aj o j^_^l cs^ 

• NEMS ^ J~> ,>alL A : \-\a toA^£ a jg_^.l ^-Ic. Cl: lL^)Iaj 

Ao-saLkj cNEMS 11 (J-gI^jIIj J-jjVill LL^aal L»Ja^)C. (Jx^aqll AjAxj L_fljjai 

A-ijjjj^lVl a jg-^Nlj Aj^jLII AjSnlSjxa'l a jg_^.VI (ju A_L*alill £■ ^lajaill ^^Ac. j^jAll 
— <^\£\\ CIjL^ULaII j ^Jjj^Jl VA1 L-fll ^igilujL L-S^jjj . ^jaSH ^1 C. A-cuLlI 

•NEMS -J lW^ j 


NEMS -11 Ulajjj cr^-11 Jjx^ill 2.16 
Surface machining and characterization of NEMS 

j-<a £.aJI ^ Aj^jLII AjS)iISja\I j AjjjLjj^ll ^_nll Ac.1 , u^> ^£1 

cIjLjLoiaI! oJ^tlLa a jIac. I jjL jjAllI ^McDonald aIL ja£Ia j Arney ^jl 

AjIaJI . dlL j J&l) 4_Aj^. ^ A-uj A^ iaIa A-ijjSj'^1 ^_nl ,WiSLll AjUsAa 


Ac. j-a^aII C 1 jA. 1 a tlijL^£ AijjxAj ^^jAa^jL (JaULa Clalj jjliLi C!_L)L-a^A t aLg'uJ 

^IxuIa (Jxl'NA £-«a Ajj^)fLlA (jjA A jSj 'll S)A Cl^LtLdA ^JU^'l IgjljLc. 1 g ^l^'l 


V L jj\\ AiLaxJI oaa jc. aJ^joua A^-uij Roukes jjjCleland a£L1£ Jaj 1 () .a1aI£1g 


Ljajl AjIa* 11 dAA ^Viui'i .AjL-ujj Aj^. 1^. djlliLal (S ^ L . Uuijjll ^ AWn 

(Surface jj Jl 11 jjj£ i Lq Vi ^1 <_£Ajj Laa cA^JIxa a j^.l£ lil-^. L*nA*n 

(jc. Jaj .ijLjll 4>1U.«1I jj-o il^llall (Stiction) ^jSjoiII Tension) 

150 o^jp- (Mechanical resonators) A j^jiKj . a Cjtilj^ ^j'uAi 1 l Ac. j ^^.o'1 si* 


Ci IL lijolu ^ j -a-N^ll «jXi jj Carr jlS J^SI .70.72 MHz j nm 

^llall \; . .5^1 \ ii.1 Jjll ^_pi Clxij Jl C oil A ^LaaJ A_i3l_Cal 

^ .(Silicon-on-insulator-SOI) Jjlc. jja j jSjU , ) ^ ^^Ic. LjI^j 

4_a^^. Lal^c-jili] ^LVuxiL SOI C5^^ x-a )^jaVi Vjl ^Aj\a» \1 &Lk 

* 

w'u ■'. ! ^ A q^J-a ]^ia*) 11 (Jij *a]^_jV^ j cC1jLj_jj£IV1 

A t nJl A Wn l^Aj c j^a*-a 11 .MoaSVl Aic. c_a3 jjj AaaL^^j ^jjIiaIj Aj'aC. 

‘i-v'iW ^jIllAlill aJo-ujI AjAjU SjaII jig -N.11 .0 jjViaII 

j^A ^ u^»j a_Lluua11 ajL» \\ &aa c^^aa.i .HF ^ (jjjJa^LlL .\uaiOI] (Underetching) 
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ijj a*j Laja 14 .(1.16 cJS2iil) 380 MHz Jj AaIu j oIaa jj i50 nm 

(Single Buried sacrificial layer) "sjj-ai-all AjjjaSI Saj^JI Alik]! 1 AjjLLdl a ja> (j Jaj 
4 18 CjIjj1J1 aa*ja (jjLall 4 1? Si02 ‘ 16 Si3N44*'GaAs Ji-a aIjaSI ^ £jo1j (_j.La Je. 

-0 . jji/l J Jj LaS GHz JJ-a J CjLmjj ^ 4 19 SiCj 

MEMS SI jjjj (JjSV'S (jauiaj JjUj al-l^Hjoil Ajjoluj a j jj^aj (_jja. 

iaJjoij 12 4(Interferometric) JjjAall J.Iaj]Ij jjliall AjjIIa J .(1.2. 16 JS2iil) 
NEMS 11 q±1 (JjC-lLo J' . ^.nll LS - ^* 4-JJJ^ 

^^1 j a^\ j^U LuiLui^. $jU£U (Modulation) tkJ jj jJaJ ^ JXula j 

.» 

A^jaJI il i Vuui cSJLaJI aj& J .AC jjsSa (Photodetector) J jjAa 4_i2il£ ^bVualj 

UILe j 4a jjjll J NEMS —II AC ajLujj j^C* Ljjt-uj Lai AjIxaSI 

A-iliiSI aiiA ^Aij .(jjjj AJLa. J AjLi» 4>i jjJ AaJ jjS AilijSI (Inertially) 

AjjlLall J .100s MHz ^JAa Jj J 4 L jJiajjljll jjA ^JAa Jj CiLai j ^ UjoiLaa. 
J 4. ; <yK;^ yl 'ill aliLjUj^ll 1 1 4 (Magnetomotive) AjSj^JI AjjoJiji-all 

ajLiuolj jjsj AjAiu Ijj ja. .4 2a ^ r,s,\\ Jjjla t jJajxA ya 0jLj AjAjoi ^jaiilajAA (JJa 
J .(aj. 2.16 ••■!') 4 aiajjll ASjaJI Jjaj AjjoiiiaiiA aSj^a aj AjjSa 4 AC 

J (JjIjAj ^ . .5* 11 jjjtill jje al 4 A ..:5a lall 4 G j j* 511 ajLjJ Aj jaj Laj 4 5j~G' ( jAjAaj 

jLoia JJa jjj a£ jaJI Aja-iij aAljla (Electromotive force) A-uIjjJ ASja-a a J 

• jl &■>" J4C- _jl Jasja 

Dynamics of NEMS NEMS -J! dwlLj 3.16 

JS' Jl'j cjLajUi] JJjj _ Jjl 1.3.16 
Euler-Bernoulli model of beams and cantilevers 

JJC.J <^u£1uia c<joijl Vixi c(Beam) 4-jJajtc* LiA Aijj-aj-<dl J 

(d) AjJa^jlxll a£Lqjoi jl .^3.16 dulj ^-Lak^ djlj j <1 jiii-o 

^ Aj^L^.1 <1Luia ^Uaj]l c(l) JJ * k -^ (w) j^ajxll j 

(Normal stresses) l£ J^ ls-^ ^ J ji a 

^ (Jal lal J^jl IkA jjajiii cljj^lj . j j^^ ^ (Jj ^ (oy J o x ) 

4 K t>a L_al ^^aajaVI a^JI aajjsI IaJ .(K) ( Radius of gyration) ^jjJjSI J=>j s 

tdjLiJaljjaVI JJC. ^Ljal jliic.1 lA-lic. C > )*sj 

: Ji S-»£ Oz cj^' cs^= , '^l 
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o z = kx .(1.16) 

U.J"^ Cj' t> . X = 0 J Clulj k *»” )J^ 

(F int ) 

F int = Jo z dA = 0 (2.16) 

A 

(_j-o ^cjLill f>JI (_^jL UJJ g.1 WlVl ^a^C- C5^^ ,A ^‘] ul^ L3^f^ ^*^ c ’ £■* 

:Ja^3 y oL^jVl (.J^-AjJaj V 1.16 ^j-o 

M = My = Jxo z dA = 0 = k Jx 2 dA (3.16) 

A A 



J -Si NEMS 1.16 J&A9 

jtJiia "|_jjjlj jlijfr JjjSA ' :^2&V1 

<jA lifcLuiVt -SOI Aili j JjLAjj 
4ik« (>=^50 nm if- S jUc. 

Jws jjL J ^ ■ „'•'■ ■. 'j .Si CjLuS ijUj 

( DW.Carr j H.G Craighead 


i^Ja j*j Si (1 h> diUa jlfr :lauij2l ^ 
iy>) .AjLulS! 4 >1'a 100nm 
J^JLail iy> i_j jL-1 14 £-8 . >a]I 
; i^^£\ { *- ' J. A ' 

ji (jlajjj^l) 
A 3 . “ a ,_ 5 ^jU JJLuu AjIaju ^ula 

A.N. t*>d! 6-) -SOI _1 


Cleland and M.L. Roukes, 
0% Nature 392,160 (1998) 


.(Nature jAi ac>^ <> 
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B 

Jiljj (jjiLLa SjjlLa .“LiUj “Ujjlj AuLulLujj^i ^ial: lAuSj Jjxij 2.16 JLuJI 

4_l» MjJaj* 4 AjjIa« : JLuiVI ^ 



y 


.UbJlg^j ‘Uiluu <Lu3jbd fliaj'lft tSljiui 3.16 JS44I 
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I J ^ \1 j HI ^a^C. 


-L 


Iy = I x z dA. 


k-± 


( 4 . 16 ) 


: 4 . 1 6 j 3.16 


( 5 . 16 ) 


'. j ^ . >> j. \1 xJaLall ^JaxJj 


CT, = 


MyJC 


( 6 . 16 ) 


(JLstijVl ^ 3-i »j , W'uAj 


( 7 . 16 ) 


U z MyX 

* Z = ~E = ~EL 


• jijjj ^A E UJ 

jji 1.^1 jlS j 4 X oL^jVI A^.1 jl i u x ( Z , t) C-dS I j] 

:r (_>u jilll jia3 l L^aj i_ijlLa Ijjjij jA <-il_pJ!5U (jli i(du/dx « 1) 

d 2 u x (z, t) 1 

Si _ 

r 


3 z 2 


( 8 . 16 ) 


e = 


: ( 4 . 1 6 4 _il ^Ic. (JlxijVl ^ ^ ^ Cj '' iA . 5 

dl — dlo (r — Jc)d6 — rdO —x 


dlo 


r sin dQ 


(9.16) 



tji JUiWI 4.16 Jiuill 
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(Euler- — jljl jjjjla LS Jc. ■ t(9. 1 6) — (7.16) jjjljU-all 

: a)-ihj}' 1 jl*Jl Ajjlij (jc Bernoulli law) 


d 2 u x (z,t) 


M y = - EI y~i^' 


(10.16) 


g-1 W 'll V J (j-Q (jfLj ^ 131 

<1^1x-q 


d 2 u x (z, t ) 


-E* 


( 11 . 16 ) 


l^pj-sa u' ^ 


X w »> = 0. 


( 12 . 16 ) 


:3 ^)-Q l— jl 


E r,« = (f, + i^*) - (n - j^*) - (13.16) 


I ^A $. 1 W iV I ^ 


• + (F, + i^)|-(,-I^)(-|). ' 

sUajVI ^jc- (j;U Lff lc. Jj^aaJ (14.16) — (12.16) Cj)l jIxaII ^-aAj 


( 14 . 16 ) 


^ = - 


(15.16) 


m = p J oUax-o <jJa jlxJl <Sj£ £-g j i ( 1 5 . 1 6) — (13.16) dlV .W ujAj 

^ ^ \*W (3^J Ia^xj d z j t 1 g » jA A c<jJajlxJl ^A p l*’ n*\) Adz 


d 2 u x (z, t ) _ 9 2 M), 

df 2 9z 2 


• (11.16) £ Jj^3J i(z 


(16.16) 


596 



(Jj-saj (10.16) ^9 (j^aj^xlillj t^jVl 


pA 


d 2 u x (z,t) , d 4 u x (z,t) 


dt 2 


+ EI 


= 0. 


(17.16) 


* dz 4 

^l.lVunlj ^ja 4 4_iLjalil]l AjIbIjjII &1a 

23 4 21 

,j$]j tJA£]l JaJlj U^V- 0 liA liuJ . ‘ (Separation of variables) dil jjilall Jj-aa 
(Fourier AjjjjS (Jjjaj a U..,.! j< 4ilr. (J^aa. 3 a jJjjUlII ^XjuJnll .sjjaj laia 

: transformation) 

d A U x (z,oi) 


p A (i to) U x (z, to) + £■/ 


= 0, 


(18.16) 


y dz 4 

: JS.t.ll ^ \r- SjIc -1 (j^oj ( _ s j 1 I 

-aWUx(z, to) + 3 U f~~ = 0 (19.16) 




a = 4 


'pA 

EI V 


(20.16) 


: jA 4_iLjalil]| 6 1 a (j] 

U x (z, go) = B 1 sin (azVa>) + Bj_ cos (azVto) + B 3 sinh (azVw) + B 4 cosh (azVw). 

(21.16) 

■Ajc. (Boundary conditions) AjAaJI (jli t ja.- C_iA a aJU. ^ 

:^a Al±L<JI 

dU x 


U x (0, to) = 0 


dz 


(0, co) = 0, 


(22.16) 


(Shear ^>=>a (_jji jl *UaJl aj jc. AjI jjAj ‘(z = 0 ‘A ^-v \ 1 4 tl ^ *t\l 5 tci 1 a \ \ \ 

:A_kiajUJI ^ jjJj forces) 


d 2 U x {l, CD ) =0 dt/ 3 (/,O 0 ) Q 


dz 2 


dz 3 


(23.16) 
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tiilli AiljJaj _ B\ = --B 3 J Bi = -S 4 

2 + 2cos(alv / w)cosh(ot/y / crt) , fi . 


sin(alVw) — sinh(a l«Ju>) 


(24.16) 


: 'i) JA=- lK 


cos(a/ Vw) cosh (a/ ^w) = — 1. 


(25.16) 


^>4c. 1 g \^k O^j O^A 


(3 = a /Vw. 


(26.16) 


(j-Q 4 L-jLoi^. *1.2 ^9 P, ^xi9 

:(20.16) - (19.16) u^blxJ 


_ ft' 2 Ely 
Wi / 2 V pA 


(27.16) 


I J ^,3-ian ^jjb ( *JaLa djlj 4_da^)lxJ <lLLaxll 


Iy 64 


(28.16) 


l ^A ^xlaiLftll 4-lJadjuba A^Ja^jlatl ill ^}la9 jA d dl 


7>l 12 


(29.16) 


Jaj^)jai]l d_g_i9^>ia ^ja A'\\\a 4_da^) Ic. 4_11_^. ^9 


I/ X (0,<o) = 0 — — (0, co) = 0 t/,(L,( o) = 0 — ^(L,co) = 0 (30.16) 

dz az 




d 2 U x (0 , (0 ) _ Q dU*(0,<o) ^ 0 d 2 U x (l, co) _ Q dU^(l, co) _ Q 
4z 2 4z 3 4z 2 4z 3 
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AjJa 4, . j 'l 4 . H l 4h\ 4 ^jLuLo 11 4jjj ^)la ^jj 

.(1.16 tj j.lp) JAxllj £^121 L ]J Ca^)^. eji' j "AlliLa A'\y ^ 

ijmlTij «(_$!) (Coulomb damping) e_u _ji jS juUlj JLkjj lilli .ixj lSJ^J 
(Complex lS^ jj Ji <— ajj*J £-* jjj — jl j! JjliiA ^ (^Ij JjYI 

:Young’s modulus) 


E = E 



1 


2 Coulomb 



( 32 . 16 ) 


:4jjU ‘CJajlc AjjIxaI Ja, 1.16 


p, 2 

C \f\ A ^JU 

4‘‘i AlLlLa 4 i A^^l cl 

I 


22.373 

3.516 


1 

61.678 

22.034 


2 

120.903 

61.701 


3 

199.860 

120.912 


4 

298.526 

199.855 


5 


:<11 JI o ; 1 4 jLjal jlill 4jjlx41 I 31 ^ 1 ■ -~ 1 '' 


d 2 u x (z, 0 
p d 2 t 


+ E 



'— ) 

Q Coulomb / 


j d 4 U x (z,t) 
y dz 4 


= F( co, 0- 


(33.16) 


c_j^jAa] (An) AjIVuxiVI (JUa-a ^ u«oj ^ “ixi c." i'q i3a Ijj 

l -Lai i p_La 


A„ = 


I Eoa„ 1 

wJk -“ 2 ) 2+ (o^y 


(34.16) 


‘l^') LjJJIj (3l*A ja a n j j* ®n 

.JaijaU jj ujAjAi Jjsljj A . .;Vi A1 4J2 jca]I .(4iiiaA]l a^^ 
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Ajialjj cjLLla Lfliuaj 4AjiKj.aH ujUlij-all 2.3.16 

Mechanical resonators as forced harmonic oscillators 

V C-u^. aJUaII a 1 \ j *. ^ .(Harmonic oscillator) 


M e ffx + ktffX = F(o) t) 


(35.16) 


a !\^ (Stiffness) a 1 & 1 \ IaA k e ffj M e ff 


A/ eff = pA/ 


^eff = 


tin, 


(36.16) 


(37.16) 




" (r)=A,sin (vt;') +A2C0S (v*S' 


(38.16) 


-“JP 


a>0 = 



(39.16) 


^1) . _ ^ j ; ^LAI ^ d^ja. <^31x41 Jj3jj 

(jdjlj djlfi (JiiLa. (^Li^jVl dLajll m.J ‘0 


* = ife 1 + i 


2 Coulomb 


(40.16) 


A«LajJI L-boilli 4<_gl) (Viscous damping) ^ jlll dlajll JLk4 lillj dj ,_£jaj 

L_LLullij . 41 V 1 <iLjal_j (Ac. 
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(41.16) 


mco o 

F Friction = 7 *(0 = 7 ; *(0 

\2, viscous 


1 6^3 £-q aJjL*_a ^-Ax-aj 


(On 

-*(0 + -p: x(t) 

y viscous 


+ w o ( 1 + i 77 ) * 0 ) ~ 

\ y Coulomb / 


: jA <U jIjlaII o JalSIl (j] 


x(t) = 


F 0 ( ( co 0 w f cog \ 2 


m \\Q 


Q coulomb 


) +(«/-«§) 


X -l/2 

2 | gi(ti)/+«li) 


1 1 ^£ajl£ ; l>a]l ^ J1 (jl 


l (( ,2 U 2 ) 2 1 ( I ^ V 

f° " r) + leco„,<, mb + C2™syl 


:( Phase shift) jjUl ^ L*.lj jit j 


4* = tan I 7—5 ~r 7—0 ~r ] . 

y 2 viscous (tOg COj- ) 2 coulomb ( w o w f ) / 


(^Ic. JUa4l lijuii ‘(Q) (High quality factor) Jit S-y^. <J4c. Aa. Ajc. 


, , C *0 1 

4 ma x0 >/) — , r 


1 - 1 + 1 
2tot 2 coulomb 2 viscous 


JILa ^ (Lorentzian function) J^" 1 (46.16) 2 JaU_41 J) 


: Lr Jic.i 
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■A max — 


Fo 

k 


:tot 


(48.16) 


JLkJI Ale. ^jjULq^ j 

fo 


Q tot — "n/3- 


Q to t = 1.73 

^/halfwidth 

w o , „„ fo 


= 1.73- 


(49.16) 

(50.16) 


^halfbandwith 


/halfbandwith 


(Stretching beam) L^s jlxll :4_ikv5U) cj) jjjUII 3.3.16 

Non-Linear effects: Beam Stretching 

ajLxIlujVI lg_i3 Cli^jl^jjA! LiiJa^jal aLLoiII 

ciA^LjjVI aIL*. ^ \ -s.U 11 a V .^LjpVI (jc. (Restoring force) 

JalWi^Vi I^A L$ •^-'“‘ a ^)L^! JaUalol (JLaAl V t >" 1J^ 

(JijujV 1 ^11 AjJa^)lc. Jaloj Lo-lic. . J^Ll-g <^J^Ll£ ^jC. L_lL£ ^)-q CIjL^jULg AVuxL 

.A^.1 _jVl £-<* < Qj^'n <jl ^-ic. vn.) 6 ^gjj)^ xj.il! lg-x.9 ^-q ^jc. LS^” 

A^.I^)L A J-iL^a QJ& 1<q\)J i A < Qj'q , ‘ux) < c> AjJa^jlxJI <jl ^l^Ai]! IIa 

:(5. 1 6 cJ^xxil! j ^a JaLLaiLoV! 11 a a^jLII S ^LcLo iV ! £js .(j> ^J! 5 AjjtgJ 

^stretch = (51.16) 

^^A (j)j cAjJa^)lx_I] ^jJa^xJ! ^JV^Xill A^.1 _uia ab t<jJa^)l*J! ^3 (JlxljVl ^A 8 *»" 

i ^jxxi.Vig 1! LI j jll ^_j-q JLijVI uxi^kj .Ajj! jll a^\ y^\ 


l 


£ = 


AL (L + AL) - L 


^COS 4> 


yr 3 ? 


-i 


4> 2 


(52.16) 


51.16 ^ 


^stretch — Edb 


c}) 3 


(53.16) 
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4-jalAj AJajlc ^jic- AlJxJ) sjUicuVt Sj£ 5.16 JiuiJI 

:^ic. Ji^iVi c(f)L ~ 8 (jl (jlijjiaJlj iaNI £-0 


r Eab 

“ = 2M? ' • 


(54.16) 


lA^^aJI A]^Lx_a ^ U^o'l 


A^eff9 + &1 9 + /^3 9 3 + 


to 0 9 

(2 tot 


= F(wr) 


(55.16) 


Jjjj o _jjxj L_A__^ui .lazuli l.i££ IS^UajI ^jl . ks = Eab/2ML 3 

!s..Ajj .(46.16) aLU-gII ^3 A3jj-a^All Aj^jallili Aj^ajI AjI VudVI ^g AjI VunVi 
Aj^j (j^-Gj c** n^>. (Bi-stable) ^ Cjli AjI Vu*iVI ^uA'i JUa-G 

Cj^Ai . j j j!ill AjI Vuj.iV (Hysteretic) UjUaj tili cJ^*^ • ^ jj ^jc- J jla. 

Evoy iSjh\ lJ^ l>° aj^WI Aj^jjI^iaII ciAj^jAaI! ^ ^.laOUl ciii*ljj.i]| Iaa aJsi^Lg 
ij* (Nanomechanical Paddle) 4jjjlj 3-iajc. j tliliijis ^ t^jXojj 

"^jjj" jjjjjoiLuil s_)gjaVl (jl (jjjLi - 6 .6.16 J^t'jll (_ji ^jjudl 

J5fj (jl Aiic. jll (jS-oj (_£jjfLiJl (_g j fim 4 1 (jJtj clua. c(Torsional) "JUaiV'j (Flexural) 

<j ojlj <iic.l^ 4 . >> jl r. (J aa 4_ijl j 4^ j~* ' jl tJijoiVl ^31 ^ Ir.V 1 j^j aJojIa A^^aj 
t_sl£ (JUao Aic. J' o-l^S ii j^a.1 £iii-aJ (j^aJ 4 ( _jiiill A^^a AjLa . i_jjj jj]Ll (_pilLall 

.(7.16 JLSlI) <^jUi 1 JoicV iaUalal AiiaXa 
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(Tunability) AaLli cj) jujUII 4.3.16 

Non-Linear Effects: Tunability and Parametric Amplification 


F(cot) (Actuating) Ja » . uu ]I SjS Jjl 3.3. 16j 2.3.16 lj 

£-«g ^jVi * xi j V I^A (jj cilliA 4 juIj 

(J^a. Ij^xjoj . (Jja qMl (JI£jujV1 

A 

c > u<Ty .(7.16) j q±i AC S jLil J^niaJ ^C- 4 _aC-UI l^LJajlc. 


.26 


La£ I 6^J ^Lolxll 


a) o 0 

4ff9 + KmechO + — = T(<Of, 0). 


(56.16) 


(J=»J jjjUjJ! A$a. ^jJJ ^ajLaJI (Torque) jJjlllI fj £■ 1—lLuia. 

; 4 4j ^ ^ \1 4 qV. Jpl ‘Ca.UoiA ^ 'ir. ojil] L_Ui A_S^lx_4 


T ((Of, 0) 


£oV 2 («Ow 

202 


/ 0 
1 h+dsin- 


In 


+ 


h — d sin — 
2 - 


0 0 

h + d sin - h— d sin - , 
2 2 J 


(57.16) 


tA_AC-l^)l . " i! . >> jl . II ^ V- IgJ^ia iA cl t^Jajoill 4 qV- iij ji h dl 

j c_l^)kj 4jl J44jd]l i _j5L<i 4 .Ajda^jlxJl j (J ^ V. \ ^ i j r. y|- j 

:ajHj!I Aii jSI (jA (Expansion) 


T (c ot, 0) ~ £oV 2 (v>t)w 


(JL\ q + (JL-JLw 

\nh 3 ) \40h 5 96 fc 3 ' 


(58.16) 


^jli cAiilliill (j-o <-gaLuia!I JUaL .0 


70 + KnjechS + 


wo Q 


-0 = 


£0U ’4?' ,V) 




(59.16) 
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^6 + (Kmech - Ke Xt )0 + — ^6 =0 (60.16) 

«0 Q 


Kext = 


£ow 


d 3 
12 h 3 


V 2 (o)t) . 


(61.16) 


(jl ^jI_JJA 3L1 (_£jlxll q ‘ \ x A)V I ^3 \_1 AJALLg 1 ^iiu (J^^l 1 lA (Jl<aJ 

S^lui^J ^.JlL (£ jjJ (Modulation) ^ 

c Qjljdll 4_iLl3 (Jl^^l 4_ijl£-aj AlLtliA Sj3 4_1q ^)j£l ^Ual II 

jiic.1 c^lila . ^pLul^j-a jjUll (Parametric amplification) jll 

jA La c.^ u>^°l (J*3 j V AC 4-aS <_gi] DC c_flLjaJ C* n*\ 

J> jVill l^A y)-a 0JJJ L_fl^uj 4(61.16) (59-16) Cj^ Aju^\ ^3 (jjxa 

33_JJ ^3 ^\j^)jl 1-^-0 t^al )Vlll d^Lui^. ^3 y)Jali^jl 


& = A EL_v 2 

/o V «niech ^ 


(62.16) 


(Paddle d jiv, jll lIiLIjAaII Aac-jill aJL^JI ^ . J U tU ^ ...v^ II ^K.tll (x q « > >»'Vi i*»\ 

: jji.Vl fljjill oscillators) 


a = Sou; 


d 3 

12 h r 


(63.16) 


. A_nj^)^j A ^ 8.16 J12JI (jaJJ 

^jlj^)-<i]l 6^)l_2ij ^ic. Ij^xjoj Ac-j3Aa]I A_ajc.^)l] CIiVaLx-oII gAA JjLiluil 

^laill . Qj . '. Ajc. ^J'ciijl (jlj^o jxll t " M-v “LaljtJI aJL^JI jik^l 

: (Actuating drive) lSJ^ .;;)-i Cf- 


T (W, 0) = T 0 COS ((ri 0 f + 0) 


(64.16) 


606 







^j*l\ j«»i .DC uLil , jjJ iLli AjJUiil Aiic. j] 4_ujjU cjUU jA A^jaj ^ U-vN a 3.16 

.(fLjjili ^ jj-VI J4* «' l £y> <j^W 26 


^gixA^a ^jc- ]aJj> «a]l J ^Uajll gc-Lol^. C_Ll] jJ LJia j 

Kext (0 = Kgxl COS (2o)oO (65.16) 


I^A AjjI^ ^A 0j t, <aj\ jj]| lAA (JLLax ^A K^ ex t *»” 

f 28^27** ^ ^ ^ 

0 ^Llaj]l (j! Aj^)laj]l ^4 \o'i . ..^11 Ail jjuij ^ ^ A II l aj]jj]I 

• — J A() jljJAVI (JUa^i 


Aq = 


To Q 


COS 2 0 


k L(1 + Q^/ 2k) 2 + (1 - Qk^/2k) 2 


sin 2 0 


1/2 


(66.16) 
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AjjlxJI Aj\ VuaiI 6T 0 Q/k t ^IaiII .lill A_g_^. <_ja (JjVl (JaIxJI 

C _J^ia]lj 1 ^laMA LlialS i^JJLl Ia (Ja 1_X_II (JjAJ .^JaJjuJ ^11 L_ll_iC. ^3 i£ J -ujS 

. aO^Jajjl ^Uaill ^jC. (JI^Iuj C0=O l-o-lic. . ^Uaill o^Lai^. L QjljJ ^jC. ^.xilj 

AjI^jV 1 -a ljl »2 -IC-Liij <j! ^jSaJj ^ Uii^ . 1 ^.jJ 6 0 = JC /2 La-lic-j 

•k'o = 2k/Q l*Aic. 

Cljljlj^Q ^3 27 J^I ^j~s x^iMl I.3A ^aj^yLo^jj ^)j^)jj jVl o^aII ^jLujI 
(JjA Ij^JLjuJ Aix_aA A jSj'll SjXl^jlj ClAj^Axa A }^"\^Lq ^XJ IaJ3 A jSj 'll SjAJ^fLlA 

(_j-a^)3 (J^juj IgJ Ajj^Lia Claljlj^jA ^^3 AjLoia (J^xLa CIjI'iVu J (_£ .Aj^Ia^jj _jl£ (J^3 

cliljl^l jjJllj ( j\< >- A\ \ cii^j t<SUJI oaa ^ 29 . (Optically-Pumped) a^-^aj 

.Ajjlj ^.^u>.ij ^j~*s. x>iM A_i]| l^j3^-° 6(Jlxi]l ^pajLl]l dulj (Jlxj Aj_jI^)^ 

.Q=110 000 J) Q=10 000 Ajj^aj ciVIaIxa jA-pjl a I^^ALa 

NEMS -II SjV» 4.16 

Dissipative processes in NEMS 

Introduction ^SL a 1.4.16 


A_x-a^)3 Aj^jLill A jSj 'll Sjxij^All AaI^VS tULLai L*ilj ^Jl o^LaVi Cll^}^. Ia£ 

^Jl ^-^]^]| ^jli AiljJaj .6^11 j aJjSAI A-LujI xj.i'-kll A-illc. CliLui^-Al o^C.lj 

L-Ajjoj Clal_i^.^]jj£j ( xa AaC-IHa oJIa ^^3 RF (JI-^a ^^3 ^Sj'iISjaII 

AaIsjI a^S^UII ^ic. a_i1ja ojUjjJ CjLsJIxa^ NEMS SI jLaojV cIjLijISa] 

A_*Jai j^-Ia j~n xJo CIAjjJjaa (jj,3A L^° j A3l3^j ^ja AjS1xj.iV 

I Ail (^s-^ ^ 3.16 ^jaikll ^3 Q (JaIc. .A_illc. A-i^iLa ojlajj 

1 I fl j oJ (J£J AiUaSl ^3 

- = — „ JJ t t : (67.16) 

Q 271 A3LU1 JIa^.) 

IaIij AjlVuxil (JjSj Q a_1 J 3 I li LoUaj 

A_mjj AjI Vuxil j tjsl Q A _1 (JjSj J ^ 1 ^- AjIaC- jg hj ^ >J> x>a ^Uail 

c j£aj .Q (JaIxa ^^3 A3LLall A_alli^o ClaLllI o^C. ^aLujJ C^alc. (jSxxij .^jia^)C.| 

Q cIjXqIxa CjUjILo (Jj-al_^. Ail ^Ic. ^Uaj] Q (J-o 1 *a ^IasJ 

lAjJjill 
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Qxox ^ Qi 


(68.16) 


^3 c__fl j <allk-a]l oJ.IvaII ClA-iLox]! Lja^)C. LiA L-Ajjuj 

Aj^nl \) a \\ CAjUj-JI 


Atmospheric damping 


cSjaJI <_fcUU1 


2.4.16 


JaiuJall XiC. I (jjVqlV)^ ^J1 (* * 

ojkj \ g Joj^kX) ( x-a (Jc-lij J^'n t^alc. t a^jx^'n 

30 


: ijr^ SjSIl *F drag (Drag force) 


8i 'ViL 

^drag = (ft +ife)«* = M* - “Mjc =1iIm x u x . (69.16) 

0 ) 0 ) 

(J-olc. L t UtiLilj Yi L J <Ac . ^>juj U x *»" 

(j! J liit t/ilj V $. I (j\j 1 £-a . J A^.1 J)j £-o C t UxiLllj Y 2 J & J 

CliV ^l.lVuulj L^jLai^. ^Jajaill ^ic. jU c ^ dlljl ^)lx>Jal V) 

4_jJa jl*JI L_jjja j .(Continuity equations) AjjI jxZjJ)!\ ciS)hV *^ j 


fi^all 4 _L-£X^-q ^J^C- . (_paxdll 1 g j ^jC. (Jajjai-o x^‘i \ LS^ dll^)£i! ^ 

I J ^Jajoill ^^Ac. 


F drag — 


6 ttf (i + ^) - i^r 3 p gas ( 1 + " j W 


98 N 


(70.16) 


I ^JIaa]! AJLa. ^9j • _jl*A! Ail!i£ poj Jajoj^i] n^li JJ, C* n*\ 


M 

P ° “ ~RT P ' 


(71.16) 


ASi^^. j ^£j i 4 . >» jljtJ'u <iai^(i]l AjjjaLall 6 (jJ-3 ^Jl <iL^aVlj 


: — j 2jji« l$j] .(Turbulent) jUJI 


8 = 



(72.16) 
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^ Pbeam^ 

Q = o) 0 = 

7i 


: jJI SJj lajj^JI Q &*^JI (J-olc. Ill ^ u^ij 

Pbeam^f/ 


6tt | xr 


K) 


COo 


(73.16) 


Aco 

COq 


1 72 


iir 3 po 


2 Pbeam^ ^Pbenm^^t 


(* + I?) 


(74.16) 


C^jJaiVlAll Ja^xjJall Ale. .VdaJxJI J f jSaqll C Qx^Vi C_JjJj d 1J^ 

o 1 a ^liL . j ^jc. \ g x>i» i A Vq Hti^Q Jj^JI Jajuj £-a £ 1 ^Jl d. iLal -llaj-al j nan 

£-GJ p £.1 ^Jl 3-a jg *.Q £-0 yi .^1 A Vi 11 (Jlx-G L_balljJJ . Jj^JI ^Jc« &J djbol ■ iJ-lJ.^VI 

!W AjJajlxll jda jC. 


(75.16) 


/ 32M \ 1/2 

71 = U^j ^ 

72 = 0 

• (M^29 g/mol) jlxll CjlljjJ VpjjJI 4l&]l Mj jl*JI dull jA R Clu^. 

i S j^JI (J-alc- ^ u^ij 


Q = 


Pbeam-^tOO /9 tt/? 7'\ fPbeam^O 


■( 


32M 7 


(76.16) 


, 30 ^ 

^ Jll ^Usiill (Jl^ijVl (jl aj^Lojj ^»Jj J .AjJa^jlx]| ejLo Aill£ p di 
La (Intrinsic) ^ jA jJI JvJI Jl JjJJI Jail! ^ j 1 ton* Jl JjJJI Jaill Jl 
alaVIII J-!aj Iddj *mm 2 — II Jla-o J ^ 3 -dajc. JaL> ^1 JUS 10" 3 torr j 10’ 2 
^-jj^vill (Jxll i. > iDVij t Ji^^ll Ja J NEMS — SI ^1^1 Jc- idlli Jc. *Uj ;^jJI 
aiaViSI 11a d n^k clO 9 torr Jl 10 4 (j-o ^jIJ-j (Jla-a J cl*xll (Jl>*a'l 11 a J 

. !)La£-g j! I jJua 


Clamping 


c -ijuM i 3.4.16 


(j^i SJUall OjAjj AjU 4 (Jl£]L JJC- Igj Jj AjiiiaJI Aj4j\ 14JI Jbll 

(jVjjVlj (Local deformations) CjU J ail Jaj Clip. a&.ill 2_nj Jl ,jli Jl 
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(J£ ^ AiiUall Uxil.Y'n t A^lala Jlic. (jl (Microslip) (_£ j 

jj£I \ (JjSLi V Ixnnj . cill^'WVl 6 j3 l_Jj1Lo £_-c I^J A^ilj £jj^ 

Qli t^llLo . ^lAx-alill A_1 !LgIj AJjUall ^IjjJa ^j£-gj Ajli aX) L-a (jLi^.Vl 

S (j^)-o ^C-lj £-c Aja. A_jJa^)lc. i" ih^ MHz (Jl-a-xa ^^3 Ajl aj^Lo^j ^piii3^aJjl 
"a^a. — a^a." AjJajlc. ^aJpLajj £j| j (jj£ .iaJjaiJ £_gjli — J AJjILg 30% 

a^a." A_kJa^l*Il £J^) l) 0^.1 j c AjJa^jlxl] A-illliijl CIsLaC.!^ A_xj^)I 

cilliA ^jAils tig aC. J ^ic. A_illliijVI CllLjajlx]! cil^aJJ V ^lAj-a!i]l l^gJ A >jVl < N AiV j ,"a^)a. 
UJlSaj! \j\j_j-o aj^yLo^j ^a. W'u3 cAjLola (J£joU .A_aC. 1.^11 A_mll ^3 a JAaa AiiUa ^ya 

.AHaIcO ^jC. (_£^£^a!I (jU^aII (jl^)3l tilil lic-Lja-o 


Stress relaxation J 4*Y' ^ 4.4.16 

. ^JjUjilubO (jiilXjJa JA (JJJ JliiljVI (j-0 ^Lg^VI C-Lajlujl £CJJJ 

t^yLils a AsUa ^JjJ-uia £a ^aUaj ^^3 (jjlilla. ^jIjjC-Ij cil^Loi]! 13 a ^LiJajj ^j£aJ 

Alill^. ^3 ^Uaj]| ^\ ^nlaJ (J^3 .H ^j^a£ ^a.La»J (jillx-ailA 

1 g »3 ^a ^ja ^iiu A^UaSl CIjIjjJjaa ^jls jl^a.1 J^lIaJ Ia-IIc. .AiUall ^ya Lij^l 

L_li*Iill ^aUaill ^UaJjoil 13li .LiSUa aAiaA <_£^a.VI A_IlaJI j ;(9.16 

£JjJaJ j ^aUaill . (jjjjl aJL^JI ^Jj .la.1 j AllaJI <_ja (JIaIjI tJj-a^J tH AiHall J)^La. 

. jiilUJI q±i AiUall (j^)3 



.^Uali AiUail ljLjIulg ^jJa^a Jlg^l jjjIj 9.16 J^uaI) 
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lj jj*JI AS f jIujVI 

(j^-AA^ O -0 ^iWlA 1C. l '— Ajlvj C-JjJx]! (^A £CJJJ 

c > i)*^ ^jbj Loqj C&33121 ^lain l>° jsi c . \)* ^ ^laiij cj^ ^ . u 0 3biij (3^1 jj j 

|j| . ^jajIVia J^±laA k ^jbj 3^ (Jjlilo _jjj\j tilliA (jj^j^i A -Nj'n . qja 

jjjtlll 1 -i^J AyjW^ Alkali dilj (Activation Energy) lautn'l Aslia ^^ic. L_il*lill 
L-Ja^ll ^bj (JL^jj L£3^2 6 bcc ^ JA ^ .L—liakl! dlbjlli] L-1JJJJ SjlcJ t (J AiIa]! 

.(Snoek relaxation e-L^^iujI^ (Interstitial Impurities) Aj^^s c_jjIjjoi A J-i * til 3J 

jiallj IgJ jjfbj <>3*3 bubodJI cJi ^SIjaII (Interstitial atoms) AjjaiJI CjIjUI Jl^j 
0 3^. jll AijLull j-all 3^ djLjj^aJt jli cA_i2k jiill L-Jaal! ^bj .ia*j Lo^ic. . ^c.bj 
lillil A^Lola c-Lk^iujVl 0-°3 JauVnli AsUa <jl q\ (_j£aj .S^jL^-aII 

. dAjj^qN b_jy& } aIIxIIaII 

ljIc-^LLIVI A£ jjc- f Lk jluiV) 

(Dislocation Relaxation) tlilc.! 5 LajVI cli. < - ±mJ)l\ ^ i 

cii^j I3I jjaI ^Ifb^b aHAa (Loop) AJa ^uijl£ ^^LkjVI jliic-L 

djljl^^yi (jt 3A ^OjajII I^A 

^r j~\ tilli j cAlLb Climill Jallj (jl .a1a^_a (jV^VI j!Luia ^ jLk diVbtAjVI J 

,^)aV )\1 ^j£aj . (Ja^ a ^LaojVl l** n^>. i A \a\\ Cllla^J .lie. Ja ^3 


. JILaII Ajj 3 4_i* ij UJ^ u' (Dislocation damping) ^ . xlAl l 

LjLm^JI AS jjC- pLkjlujVt 

t >" bUj UIaj ©3^1JI S j^xIIaII ojIaII (Grains) C A. n 
dale. ja^ a a^c. ^ja ^3^ c_j albj .AiUall ^3 ^_ja 0jjjj c 3^ Aa 

CI1I3II] .( 10.16 djljill bl^A ^joiSj t." J^laLiAj <L-aiiA A a AVia 3^c> 

6*^1 *1^1 3^ (j-® CI3I3HI ^x-axJ \,g >.s-i 3 r j (33^ 3AJ ^jl 4 a AViaII 

a f 

A ~>jV) LS ^ 3 L)^J 3AC. (.A n^H ^ AjJ)I ^a LaAI^.] 

jLoojl ^j'ac. ja ij}£ y*i \ j ^ a^^ jLiijl ^jIac. 63^11 (3V 3^V1 (Jjj 

La (jl^A ^3 4 _in^JI ^3^ C-Lk^iuj! kaj^iV) A^Ua 33^ (jl L-UauII I^J . 4 n^ll ^3^ 

. ^jjjsUall 
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36 


^jAxa! J^I^aII l*11a AII^Ia A m^s. c3^3^^ A^j^ill (J^^-*-* AjJjj 

lg_c.lijjl ^ Ijj j CliL^. jA ^.LkjlujVi Aa 3 dA n^H 

^ (j^a^>i*J u' L^ cJ-»-a^j (jl (_£ ^>^11 A-^.1 1 (jl Iaj ^ ^ . A_uaij Ijj^j 

^Jajjj L_buj\jJJ 4^^-LaXA .^.Lk^lujVI L)- 0 ^) AlAjj lAIa! CllLxn^JI AiL^J 

• (^ , grain == Ct/ ^/grain) ^ ^yil^A L_3j)\^ £a (Sg ra i n ) ^ .U.''' k ^ 

UJ^J *(£grain= P^grain) O^* £* (£grain) 43^' ^ 

i!aI ^ hx a (AE) SaajaII AiLLall ^JLasJ 

A E — Egrain^grain — ap, (77.16) 


(jc. (Jsjjoia SaaiaII AiHall ^JLa^I ^ji (77.16) aJaUaII . (jliiAj |3j a C 

.A \\ ^jjjIaa 

AjaL^.1 Aj^j^L djtiiLa A_1 xjjaa NEMS ^3 (JaxSI SaIc. ll 3*vn 

aI^aII jU t lAIa £a . (_Ja^ a l_j j^xll A^^)^. ^ja ^cjLill AAiill (jl £3 jjj n*\ 

1 Ag A jLftlc. (jjfLi (jl (_j£aJ ^lA^jjLAlj ^^JIjLaII (J^Lk (j)A C^IAa!! (Jjjjal ^5^") A^JUaILj 

.Ajal j o^)jj-saJ A^HaVI aAA £3 j c. qAiS*Uaij ^j) c > v^j .NEMS Jl £.Ia) ^3 I^jj^a 
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5.4.16 


Phonon-phono and phonon-electron scattering 

(J J^II (jj3$ ^J\x nil 

djL^. ^ aII^ J Ja\j AlixllAll Cllj Jj jill (_j^A ) . jil _jLu!aI! JajuJjilA i^A 

Jl ^^A coQ (jl -l^.j J J&Vh a31x2a]I ClAj jj jail £a (Jc-lijj ^jl A_iiJ 

tcii!3 JJ AiLJaVh . Jljll ^Jc. A^^pj 4.2 K .lie* 10^ j 10^ 

tJl^-A JJ (_£.lj}J UaA 4 J J&Vl ^Jc* A^^aII dllj Al^.J^jl 4j^)J.l]l a Jll c.” )V)UI 

dilijJ^IVI (j-o ajjj£ as\ 3£ Jc. ajjp'naH A^^xaII a aIv^VI J . AC 


dAj jJ^IV 1 jlil aJ JaI a£^^. ^J^I.iII ^JIj^^II (JL^-aII 13a c ^ j ^-sjau ta^aJI 
13 a (jli J JIa Ail Jc. IjjJj ciAijjj^r^l jlc. jliic.1 ^Jaj Ail Laj .a^aJI 

(_£jLujj COQ II (jl -l^.j ^jaIaIVI All-a. g-3 .Asllall ^3 l jAl 1 .iIjJau JIaII 

.4.2 K ^c. 5 x 10 13 j 273 K ^ 3X10 11 


^ja Aj^IIIa AsIj£ a_jjli_A Aaw^p .lie. (Jj-a ^a c. \i.sy\ lx>ijl ^ jp^sj 

JjUai JJ Jl^ill JjUai (j-° i >2A^jJ^I^*I 4jjl_}aJI a JjV 1 A yfv \ L_J J!ill j Clllijjj^lJ 

J3II ^ja dlLi j_jj£1V I (Jaj Aaj JaJ J.JVill Anj JaJI (JljtiiV 1 (J3*_1 uj . (Jjx^ajjli 
JaJJ^)A ^Jc-j .AsLLaII ^^3 l.!^ (JUliil ^>a 0jjj . <JJ (JjUai ^-JJ*^ 

<_Jaj ^jll Q (JaIxII IjWll A Ajqll ^ja Jail a^A 3Vu*) i A^s.) Vh^iaII ^I^aIIj 

.^jJxa ^aUaj J IJI Jjj-aJI 


Surface-related phenomena ^k“^W *Alxla jAljla 6.4.16 

^Jajqj AajouIIj NEMS SI ^2 ^xa^]| Lnj^j^j Uajljj _laa.V 

D JJUxJI ■ " '■! jl^.ll ^JlJaj ^-lajoJI ( _j>o L-ljilU jl 4_l^Jaja) ^jAl^iaJ L<ui L ^ ^ 

• 4jS^all CllllV' (jia* J ^IjJ^I IjA ^aJ Si NEMS ®J>L 

jl^a. lil Ai-aiSVI t>a aLs j (Amorphous) ojlila V aLL jjSi 

( _ r a*^i3 ^gJj ^tlaj Si0 2 — S' 3 S-aj - 39 2.5 nm IjjJj A^Jali a£Lox« .^.1 j$l 1 ^jjfLiLaJ! 

^jJaj (_^^II 4 Jj ^Jajaill Aic. ^^sLjaJ ^J^J 131 ^ ^311 JaJI 

• AjJ^^II Ajj^aII ^3 ^sLiJaJ l3s ( JJ J 
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1 

1 

O 

CA 

t—t- 

C/3 


3 G^ t sU£ 


Aaxa^a Aj 3^3 4_i3al S^j^Jl (J-olc* ^pjLii] Aij^)la (Ja^J 

La£ aUax-a Q (J-ol jC- tj±i AfLylatll . <_£j^)£La ^jlj^a 


— ^ — (78.16) 

3 G^t^AQ v ; 


t Si j (Rigidity Modulus) &$■ 3*^11 XaL*_* LaA Gsij G pl3c. id^ 

Si02 ^3-oxl (J-alc* (jl 1 3il .^Jlj!i]| 3-J^J^* 1 ^ J Aiuj^aII 'dLall A^Lojuj 

c4_Jl*-ll dl_^.j^ dc. 4il c^jldll ^ ^ Si0 2 3 C ' l^A^ i gl'i-d 

AAiLa ^jl dj^)*-<dl 3 *° tcillj AiLdV3 . 3iAll jlj^J ^jjJiiLa]! 1 Ajqar*i 3 ^ tJc-lij 
S-Lall ^jl LaJ .Si0 2 4j».n311 Alalia £a (JjSLiLa ^Jajaj 10 nm A^Lajoij e-Lall ^ja 

(jA$ Si-OH dale. JA-\A 4dj£d (Si0 2 ) ^l-^3^ tilK'WVl Q a Aijj 

.laa 6 <3*^13 j *NEMS 11 3j c \3 ii1 ^a dill d3j 3 * ^d^ill Ai3all o^_l Ldjl ^^.^-all 

Q 1jIj^ 3 4_j3d^^ 4 _^Jl*_dlj ^Jajaill ClAj^L° ^j<q> j Si 0 2 11 All 3 ] ^-31 

•Q 3-°l c ’ 3* ^ >^3^ 3^- J^)'\M'^ ^-lajoill £.1^3 ^ .Vnj^J dl^a ^jaa^. 33d 

4 -ajjj^U) CjLjJV) (J& 'LatC' Sjlaj 7 . 4.16 
Overview of experimental literature 

^1 Aj^^Ij Ajjj^dll Aj^nl^dl dliU^All dLidVl ^1 j31 ( 3 C * 

.NEMS — 11 (Jl MEMS — 11 3* O - £a ^ £-* 3^ ^^3 l s* 

<^£' Cjaiqj cAi^j oJd. a ^»Alj d iliLnll ad 3 ^J 

loj^k^ dlili^-a d^Jal i 31331 3^*^ cs^" * ^gij^jS.dl ^ddll dc. * ( - > kJ £jldll ^ 
cdfLall djUl dlj ^^dll 3 -0 ^dal j (J£d LJ lc.\ J^lx. (Contour disk) (j-aj^ll 
^j\j 3 ^j tjdal dc- ^^.^pjJjlLall o^A dc. AIiAaII ^ 3 ,\a\\ o^)]^..u*i 1 ^, 3 ^° 

Q 1 = 3-° 4j^j AiUall ddj (Threefold decrease) L^ald oj^Lq3j 

5-7 c60 nm 4 £Lax*ij dl^jdl ^.1^x31 4^1 L*_a ^xj Q 1 = 1.24 X10' 4 3 x 10' 4 

jAij (j^ 60% — j t., '>uV'i ^ 3-i mil CjIjjjIj ji ^jllill si* 44 - 10-80 (im J j^j inn 
•jIjl-A 1 Lyz . lliiJ .4-lllc. -*■ ^Ji ^ ^ dllj ^ jj^j£xa31 dll^ jlill sii <alla]l 

^i-iA ci .^u^Vl - j ^jl jl£ ^Jjal t NEMS — 11 ^11 

200 nmx 200 nmx(l -8 pm) ^LuJ Silkll jjAij j 3-»hu; ^ji .1 Sja^ 

4 4 jjall ^£12]1 1 Laluj 26 .Si MEMS o j^Li] 


615 



C* Aj^JojaII A^JLxaII 4_fljjxll £3^1 ^jli i^jJalj (_]£joJ AiiA]l Ia^J 

4cii]A ^lj AiljJaj .(_£_^kVI (JjIxaaII ^ ja~n ^Ic. A_i^Jajai]l ^)&l^la]| AjajA ^Uaj^l A_^.jj 

La-o 4 ^)Xj-£al GHz L5 ij £a 3^* oAA Aliill ClaLilV AjUxnll AjaAVI aIa^ (jl £3 jJJ 

.Aj^jLill Aj1jI£ja]I djljlj^All ^3 A^,^)^. AjjJaS jjJ3^a 1I ^j-o (Jx-vj 

ij^\ £* NEMS —SI J4ltf 5.16 

Integration of news with quantum electronic devices 

^11 a^L^JI q^jViaII Aslii^S 4 aJVi! ^5 NEMS SI ^Loajl ^3 ^kVI 3 WMI 

A jSj‘iI£ja A_ml ^g-Slxll AA_jj1I CIjI j a£^>^JI a! jj .AjLgL^j j tASjj 4 AjaLu^. Jjj^j ClAjSI 

<_j£aj .Ajii^JI ^3 A_S^_uJ ^jjJaj Ia^, A h \x ^ A S^LujI ^jj^SjaII (jj«^ 

^3 4 ^t/ij L£ . £.!a) ^&Aijj jl A^AIaSI (Jja A_1aj)aS 1I ^)&l j)l*ilS 

(Single election Tansistor- ^ jai<JI jjjj^lVI jjlaijjljj ^. w'u . n 4 jjac. 3 ALJI JxaiASI 

cil^Lalll AaJXJ . ^)Axa Jjlc. (jAxA A_1 xa 3J dj\, W *3 11 ^3 A_ 1 aja£ AjAAJ SET) 

^ic. j ClAjj^lSlVI ClsL^. ^a! (Jlx3 (JAj A j^jS ^ic. (3^^ AL-a^] 

A^V^H (jj^l^l^S ^jJja^S^ J^Tu.ij . 3 ^-L^JI ^»Ax-aJ Uj 3 ^] A^.^a -Sal_Ajl AAC- 

A_A jLAa Alx-£3 ^11 (Ja*J IaAIc. l_lA JA^ ^ H-OJ 3^-^ ^}JC* ^ (JlA3jl (3 ^ 

A^. ^11 Ia^. AaJai^-iA AsUall ^3 CljLiAoLui^. oAA Cj^Jal 47 46 45 .c_fll£ 

— SI (J-ol£j ^aAj 45 .Ia$£ jig >1 aj31£a1! SjI^IS 11.16 (J^jaSI ./10 5 e VHz AxjJoj 
<_£Aa cIjIa djL^l^jV aaIa^j ^^^-Sc- (Jjj) ViSS Iac.!j S^ii* A-iajaSS1 NEMS 

((jU^)A ^jAaj^. ^a SET) rf SET — IS lUL^j oS-^jL JjI a ^asj aaS . <jj jSja'1 ^jjA 

. AjSj'iL^IA djljlj^A JA 

^a^.J ciixjJaj 48 , 49 .NEMS-rf SET a^. 1 jj c \kA£l DqIv^a 12.16 (J^jaSI 

J cCIlua Ag ~n jUail aJU. ^ t." ^ ^jlj^All 3j^ SET 13 AjI jJt c. V'iSa jS 

^ ^aa^LIaSI C s o^ixjaSI Ajtjaill jA 4 q : ‘iSaS1 ,a,w xxi SI ciiL25j ^Jj ajSj'iISjaSI a^.I^)VS 

JaIc. I^Jj cox = (LC S )’ 0 ' 5 ^IjIa A-ixAaj^. o jIa x 3j L cIl^aj 4 SET — Si 

AjaU.1 aIaU. Aj^^a 3.).^^ L $ ‘SET SLj A_Sa^a AjjJa ^^-SS 6 jIaSI oAA .Q t Sa_^. 

^i>/i"i i|fijji-ua SjIaII AjuLaa c." n^) A3 c. j 4 jl g > SI ^Ic. v(t) 

AjI ^21 4 . V'iSa 3^^ 3 <Qx ^ 1 J .SET 11 R d AjLjalijll Aa jIaaII (_>jjLj 3 A mSa *iaSI 6^jAa1I 

4_Li1jj c*Haj tAjLjalijll AajLaaII ^^3 4Jlil^)jjtj ^jlj^)All A jS j 'll SjaSI a£^)^JI (J^^J 

. Aja^jlIaII o^jLaVI £_jA3 
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^JSB Je. ^ CT2 j CT1 <C g SET _J S Jj 11.16 JiAfl 
tjjLi 45 ijji'j ^jjliSalll ^jaLajll £)V jl*JI La* RT2 j RT1 j ‘iLajlIj 


(jJalll Nature Ajualal! AC- j.aa.a (j" 9 



lLus. if[ ajUil JJjj ' V- AAioiS jfLaJ A^l _j^U I -l^JI ^ Lm-j 

4 ( _ s iiill SET — SI jljj (ja ^jUSI AfllSaSI ;■> t>i jUatVI (jJ*J (jjii.1 J ^2nf s <COj/ Q t 

:a£UJ L 


bx = ^2e< |/ SD (0I sin 2 (u)0 > A// |< dI SD (t)/dxsinwt >| (79.16) 
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£-g AjjojI ^gij ^)Ai«£Xa]I qa ^jLiill J& /§j) *>” 

16 m/ V Hz ^)IaLaj 4.^.1 ^)l AjjajLai^. oA^j .4j 1 ^ill ,*\g ~n 

sn 


<J^)Lg tClnjjlill AjJa^jlc. <_j-g (j^£-G L5^) °J^-Oj ^)LujI 

4^^)^»-g A-ixAiilaix-G 4_^ij)j ^>1 , W'nAj Ale. jULgj SET 11 4j1^J 

Ia3j-g tV 0 a$^j 4-AajlxJl jli^Jl c SJ^ 51 *(13. 16 J^J') (Magnetomotive) 
^)Ijj ^JAx-g SET J ^A^jLgII A W /lill 4_Aa^)lxll ^ixj . s <a : ‘iSx>l' ^ Ac. 

4 W /till J (j^iLall C. QlS^all L ‘ijljJJ (jlj^All A_^.l ^jV Jj-uj^)jl jfil) ^^9 Ax-a-G 

A^\ (j^iLill L V'lS^l' j i A W t!l\W AjjujLoi^. aA^jujI^j A-jjgjl AiA^j .Aj^iLill 

11a ^^.1^)11 Jxall (jl ^jIa^a!! ^^Ac. SET 11 ^^J^ll (JxaII _jl.vi<Gjj ^jIa^aII 

<jl . Aj^)£^)a 11 a^)J^)^Al ^^ic. Ag -sll i. > Aq'n IaAIc. (jIA^)a] 1 ^^Ac. AAiLxaII bjisl 1 (j-G 0 jIA 
^.£^.1^)3! Jxall os-l^lll 0^^-jJaJ o Jj.W^g A^l^Vl A-jjgjl 



HU 




AjjSlLo 




j£j^s Ajalll X Axl jVI jj*j .SET J A_jJL> Ciu!ui) <Lua jUJ sjj^a 13.16 j£*iSI 

t IjS 4 AjUjil ‘LuajUJI (jAuaij . jjioi jj| jj]| jjfr jLllI Jjxjj Aj jAa]| A . lj| Jwa ‘Luajbdl 

A-mll$ li AjaSIxSI AjxoxJI 51 £X>»SI Cy 1 ) -SET SI AjI_$jj ^JjjLaj Jxljia C(x) 

• IAjj^jSI 
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_jLoil . a£^)^. (JjjViI Aj£j£a 11 CljLijlij ^GVunl <_j^aj 

LifLijl^iA Li^ij LujIaj Aliix-aj iS^ lS (jli^All <J! ^j-^Oj 

73 -i^ a \j» £i\\\ .aJ_jIc. Ajjl^ijl jjliLuj ^3 (jlj^)A]| 11 a . lj^>A 

^ jj-a . AjSj'iI£- 1 a A^^>^> ^Jaxul jJ CAjjjj^WI cAi^xll dj^pw A^.j.i .lic-j MHz 

A^LqjoiJj 4.5 (im A_ijlj^)A AjJa^jlc. <_ja qj£±a O^ 0 V’n. W 

jAj^a*ll (_£Ajjj£]I (jjj dc jLlajl (JJilaJ (_£jaJ • (jjAj jj£]j (JJJ Ac-jjJaj^i 0.5 pm 

J AA'wnl i_g^- AjV ^Uaiil ^pc. ^Ljjl jLjj V .A_m]l frliajl AAaJ Lui ti aj.^ndlj 
^cjjj Lo-o t X-LLa]l ^jlj^all j_ja*^Ll 4^jJ jj^a «* U , J qj o jljj iWi Vir. .dc jl-lajl A. a. 

^jLill LoAjc- . ^j\j ^ a]I JJ A j j"^5\V 1 a1]a ( _j>o A_lj A ia. Jdl JlSljl A_ix 

7 pA J)\SLa1 jLij AC- 5-<ia»-Ci]l (All^)Lujl .^jlill A J J~'l5 77 I ^_3 A ‘‘ ^ /Ml 0 AA 41 Q j - .~wMl 
AAjj (JjIjA (jlS-oVlj (jlS IaI 10 (_ 5 jLluJ Qj 1.7 pA LS -Aa jl g ja. > >i JjULa 

10 19 g AjI (_jJc. AjI SJpAA a ll£] ^a^I 4 ~q /.'■.‘•M l Aa. jU 4 100 Hz Jy-“ 4 j 
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.5.2 kHzsjAS AAjj Ajc. 

(SSiJl I <i^U2! cjjaVI dulS^U : ,, cr I&l-^UiV NEMS 6.16 
"Botton-Up" NEMS: carbon nanotube nanomechanics 

4“'H 4 *'i s jtLa/i Aje. _ jjj aJIc. CjIaajj CaIa NEMS f-ljj ^juaill Aix-al yA 
o^_^.V .A^jjjj^lVi Ajjj-aill j A_ij Aj^jUI ^.nll 

Ajj^Lia £_ii»-aj CIjI y *- 3 Aji^ <^- 1 ^ jt/iN Cj 13 A^jjjfUj Ajjj-aJ 

^jc. ^uLiLall ^Lul 1 g ^j-^k Vi C 5 ^J 


AjI^M jLqjj-ujI l<a\nj .Ai: 


CIjUxlLuI] A_i 2 l£ jj 


CjIJ o 


j ^.1 ^ 


l£ ^3 j t Aj^Vill ojlc.|j ;A^JL*_a1] A<L^)UI ^Aj^IxaII Aj.qV'iII^ 

^ jA^lli ^j|^)ia ^JLx-al Aaa^a^I ^jaIaIIII (jC. ^ 

(.** \\"\) ^ (J^i-ioall jli iiilLxJI AjC ^ i// Cljli Aaa^a^II 

Sjlij i \ 3-i* V i Clillnlaj ^^2 GHz cJW-° ^3 AaI .V’ ui.A j A jl^c. NEMS AILq^^Lq ^a^C. 

^Ja-uill ^ja A j^w Jamil ^)Al^Iall ^jl2 c^LaIA^LI .A_illc. A j A j 3- a 

l*’ A_ljj_jj^lVl ^I^aII ( a Jjx_ioLtll cLilL^. .AjjJaall ^^2 

c^-^Ja-uili JlxijVI (J t A j» jiJ-ill 4 4 L«iS 4 


•NEMS 


MEMS 


Ajl^ J <0 a 1 ^A 4Ajl_aJl_*-4]l (_1 xAJ 6A]j!1a]I Aj^joAJI j 
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(JjJ J jjA (JJ) J* ^jll Jj" AjjUll ^ Jxll J ^JJI J jJ 

A_iij ^3 1 g x>jx>x.r-vi (j^AJ ^jll c_fljUa jll J (_£.Aa AjAaj ^C ^g-^JojoJI (JjxjolJI (jc A^o 

A_ij jj Jll AjjjUJI L-iuljVI 4^>Ija . LlLxk-a V I A jVqM JiSJ lou-o (jA Aj Jj 

CllLujJj dl^Jal . o Jli^. (Jjx«o jj ^ajlx^o^ j AjVVia A3\j£j tl Lille JjJ (JaIxa 
TPa (JUa'I J Jjj (JaIxa J Jj Aj Jj Aj (jl ^ ^ ^AjJJ_^J J ^ Jaj 
t^Joxxi'l aJISa uKu-;, ciilJJJ &aJ AjJj <Jj clJI^ Jj AiLJ .5.0 TPa JJ 1.5 
.RF dll jjj juc Sj jJI aJIc <■** J jj l£^j£* J ^ (jA Jll 

*1 JaI tiljLaj j (j ^qViA cJl£l^.l JJ (Cumings and Zettl) Jj j Jil 

6 ^a Ciui .(Multi wall nanotube-MWNT) jl j-JI j^xIq <_$ Jj jl jA (j^Llo 

4 AjJqll dllliLallj ^jjLIa (Jjas^j Aa3j 3 JJ A_x3 J (J j, uaII (Jclijll <_£ J Ax. ja^n aII 

jx Aa^xjJa cjll^'Wl o J Ax ja^ aII CldsL^V .A_l^jl^ll Ajt3jll jA ^ JaJl 1 g ^ xxij 

Clll_Jjjljll 4 ~NjVl A_1^.J^J| A*3 Jll j^AjJa AX.^)jalJ L_llall jxIA^j 4_fljjal 4 ^aJ j}AJ . Jl Jll 

AijUa (Jxallj c-^Wiaj Jail (jl ^aJyLajj jAj I. Uxr\ jljj ^ jlj9 jA aI^JaII 

ajA Ia^jc . jAd^ll (JL^J^Ij Jnll Jj» x>ij .^c. Jljll Jc. l_jjj Lilc- A_1 aI£ 

.(_£_J.V I JJI JJ (jJujlj (JA J tLljJ j^A^ AiUa dll j Adaaj ^£. ^)AJ Igjli 4A_x3jll 

.^gj^VI -l^JI J^a (JJ A u>i J (_pai^-A GHz jA (_£ d ^3 Jail jl jjAlj I^A c ^ ^ \ x xi"i i 

(_^ jU L_J ^ijl J (jjjJI J 1 % jl^aAJ I (jl 6 j^Ajj (jj J t >. u*>*\ 


JJj jl 4 800 amu jl-^J JLjaJ <1j^ JJ SWNT jl-JI 
^Jxxi-s <1j£ ^*^1 L 9 jlj S- 3 (jA Ijjlj 6 j^Lojj (Jl jUaJ ^a.W'uxil . .ll^.jC60 

Aj Ji L_lljljV A_JkV 6 J L_fll^i»j| ^ Wa u' jJ j^C-jJAja (_^ jli 

CljLmjj Aju^jI aj^Lojj jj lo^V .^jIJjjujVI AjjIjj AjI.VhxiI JJ Jaj^)jaill (j>ia \ jjAjJa 

CljLmjj J aTuxiIj (j^Aroll (jA . (jjj ^1! (jA ^_3 jlj L_LljljV ^jujIauV I Ioa ^11 JafuJJ 

. A-LujI xxl^kll Jl-C* (J^j ^ 1 (J* ] ^A ^lUjJ 4,jloJxxlj 

J Jj£j ^)J Jaj C_± 2 kj Ajj Jjl A31S_J Cali A rftlo'll J 0 ^^ 6 j^^.1 jLaojlj ^■IajoiII 
cIjIaLJJI o^ia J CjljJaill 4 j^l j .JuLdll Jlall (JaI£! 11I djLijlajj aSISj Jc. (Jjj^llll 

. 4j U IS j Aj^jlj Aa A f/ 1 g*iqx^ij dal jjg j" jLxAijlj I^J-I ^ajaJjuj liA J 4C1 j^)^. ^3 
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Questions 




:4_u2_ucS 1 diLiJ jVI ^_3 2^21 i " j\ S-» » ■' ^ -rt jUJ rf a j -*-4 1a *k *V , 1 

clOO nm IgjJajCj cl pm i-g-Sjla Si AjajUl L^aikVI (jp jil _)4 L« — 1 

VGaAs — II <j^ ijc^i^; liL# V50 nm Sg3SS.a>a j 

?<_>AJVl ?SiC -SI 

^Ij^iuA J jjjj^jll Ajc. jlia Ajlj clOOO oj^3 Q b^y^. J-olc- 1# (Jl^uJI 2 

(Jl S->2 _’’ ‘ j I jLo ‘SG'' II JLia-o ^5s Lo ,F 0 = 10 nN JUaAJ Aljijjj aj3 

• tjiilj ^(jiiLalVl ?GaAs ^gi <S j^JI 

CjIjjjIj j* 3aJ (JUa^i (_jl -lie. .1# (Jl^joiSI Si SI <*iaj Ic. ^Jfic.1 3 

% 

D ^3 (JjtuLl \.^Q. VlC- J ^k^UI tlljUl jl L>=> J^' ^aA^^UI JaLLloVI 

.A_JaiJi aA y")xu')!\ Sj3 A_iIa^3Ui -LaDn*!^! 


(—Sjjoi ^lill Q ^ (_£jj^aall A a Lg . 1 # (Jl jjoiII ^^3 Si H A_iJa^)lc. ^}ik 4 4 

jdAJJj 4(j^j ~ (j^jjS jl A_1 uiLujI oUax-G J (3*^-^ A LgjIj (jj£j 

VjjjjiSI -jjjja 

^<uj ^SVi'l jyj £_Ja^>ajllj ^ajojj (jl 1 g *iSxn A_^.\1 Lg Aj!>Ij ^jj 31 5 

.A_ij jIAjoj SjIj (j-G jjx>»Vi'l 3^01* (^J -0 (j-lc. ^ (_£ S- 3 . 3 ^ 3 -0 

?fi^^,ij 3^] (_£ jLolaIi j yj>Ji 


(_^^jlill L_J^jVl ^1 J* ^iC* "cs - ^ — A ,g)Vi 1 yiiA (Ja 6 

A_ic.^j dili A Clalili^-G (JaI£! 11 o^c-lj A^^jh L>ijl (jl \g "iSxn 

.y^ja^ A_ixjoui si ^ji a_xuu]\j l^jjLuiaj uu j-* (jj^i-j ?3ic* A^y 
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A a jS \ a \\ CjLu^aJI 

Micromechanical Sensors 

( \*W u . j» j aSLjjfjf . l_i . (j 
• O ' ‘ O'/ 1 4 (JjiwiSjj ‘o-uulij AtaUj £Jjj dljV 

Introduction A-#j3L# 1.17 

Ajj^fLi-oSI AjSj‘iI£. 1 a j^-£ll ^)Vlll (Jvli. 

(Nanoelectromechanical- Ajjjjllll 4 f\] \ \ Sj a j j$£I1 j (Microelectromechanical-MEMS) 
AiiUa i. > ilkn ^lill AiLLall oJLa.1^. £_£^1_1 a Ajujjoij^a dl >aa ^^laJ NEMS) 

MEMS II S^-^.1 AijJaj (jl .a jSj iISjaII ^Al^Sall ^ic. iJS d -lAid j AjfLijl^iA 

C* niTn Aqla aSI dLdjI_x_ll£ clgjlij^Al A jSj'il S jaII dl£^)^JI Ajujjoij^a NEMS Slj 

”jj^1\") <■** u/Vq A'ql« aSI dldjl*JI jl 4 ((Cantilevers) didlill) ^jL^.1 

Aa.iV)uia 11 dl ui^a'I A^jUaaII ^^dll dl j dldliSI .A<d» aSI A_dc.VI jl ((Bridges) 

— SI qa JajouVI * jaJI (Atomic Force Microscopy-AFM) AjjiSI «jsSI 

SI o^_^.l dlc-^lj JLa^V AjjujLujI did! IgJl ^^ic. IajIjjc.1 Lx-iajl .MEMS 

NEMS —II j MEMS —SI ^ s .IajLu jiSVl NEMS —SI j MEMS 

J-a j x ai i ^jlj L)- 0 Clj^Li£jajJ dlj I )Vi i^iALi-aliSI ^)A Ax.jj2aj A-C. ja^n a 

tAjjljAjSj tA-ijljjja (Stimuli) dlj>al_iJ dV^^A 1 <j-ald (J£d a-oSIa IgiL 1^. 

^jj*t)Vi (jli 4^_ujLa]I (Jj.i'NaSI Aj^jg ~s a ^)^Ja Aiaj . AJjg lx n dl^jLoij AjjJ^j 

/nK dal ui'na 1 g s^t/is o.'a j^aSI A_a^jg aII ^jl jiU 4 <an^i jolt j ^ su/n all dlj^jliLa 


* ' P. G. Datskos, N. V. Lavrik, and M. J. Sepaniak, Oak Ridge National Laboratory 

and University of Tennessee, Knoxville, TN. 
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MEMS 11 diV j^-g j-G AjJajjxll o^jlill ^ jd j^-Gj . a i'&A 4\\^%\ 

^a.VVi'l 4yj \' iS .CLAjLuII jjj^j tdaVl *A‘ 'VI C(_£jj-aJl jjjx«a*'ll ^ A-iinlaJl 

Ac-jILgII djLui^-Jl cl_i^. jl >SM1 J ^jl*-ll A_all^A a .Ac. djV^-o dnwll 


CIiLoi^-aII ja S jS*Ua Aljlc djjgJa (Jj t^caLJl jg-naII A_jjg -\ a \ Ja£a AjJlaJI oASaaII j 

i ^ jUJI jl jj£j ^^Ac ^ j' 1 . 1 ^ 4 -^j^AI j 4 jjIjajS\ 1 j c A_dlj j^All 

Jaj^Jl djUajujjA j>i« \\ j£aj Ail MEMS 11 CIjLlg^a ^j.q'S £.1 jj 4 a1jl 11 SjfLlll 

Lg AAjjlaJ jjjj jl (Ajji^. jl AjjIjajS jl tAJlj j^a Aj jii£ (JAaj jl j^AJ <>ll) 
jl jjilill Ia^J j^ dn*\j AjS jl£-iA jjIj jl A jSj iI^ja j j5Lia CIjV AjS nl^-iA dal jjaa 
A» U^aJl jjl jill j^AJ t J-aL^. (JS Anj .(J J^.1 jl AjJj-aJ jl cA_ijjJj£j| (JjLuJ jJ Jjjlijj 
jJJi ajI^aI lg-1 ^1 (Read-Out) a^I j^J^VI 6 $>Ija1I (JjLuJ J £A jal jillj LjjfLlA 
(Jjiillj ^^JaxJI dj|Alg_^V djLoi^-G 1 (Ja*j jl 10 6 10 1- jA djL^.ljj 

jjA Axjuj^U j ^’^cAjjI^^J! djliadillj ; caI w 2A1 j j» ^.all Aajlal! ajS^ISjaII 

l$£ jLoj jl A^j t^jjjUl (JajLLJI (j-G S jg_^.VI J Jial ^a Ail cA_iaaI jj£Ij .^‘^$.1 ja^JI 
Aic j^AJ .(1.17 CIiIjaIIj dAlij^ll AjjljiAVI iaLd^U I^Laa Iajj ^f^lSjJl 

£^jl jJ A^jLIaII AjjjUl AjSjIIjaII ClAjlijAll L(J jjSjaII jj« t.si\W jA j^XA (JjJjaa 

A Jaj^All ClAjjj^JI £a A;!^ ^JaJjoiA (JSdi^ (Jc.lijj 1^. djljj^j^, l^_jl 

.(Readout Components) A^-l j^LaiVl I jail cIjUj^-g jl I^j 


1.0E-01 



1.0E-09 4-^ 

1.0E+05 1.0E+07 1.0E+09 1.0E+11 1.0E+13 1.0E+15 
(Hz) ^ >11 


J ^ cte ^1 ^! NEMS -Jl ^1 MEMS -Jl <> jjkiil 1.17 JS-JJ1 

jLaJI (J-g t j jjUI Sj Jl JxgJI > .iaia CjLgI j£> j)1 gj°I AjLuaj Jg AJLg^I Ala£ l^J jj£j 

.AjjI jiAVl AoiijaJl JaLJVl dl JJ jj Jg AjjILg ^Uj jVI AiJli AgajLujI dbJ jj ^J1 
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AiiUa MEMS II ^Ic. Vjl (Jj-aall 11 a ,3^^ 

IjjiLu jj£ 1 Jl£*y (Analogous) a^jIA* ^ jl ^lljj ^^Ic- (Transducers) 

11a (J-aJ (_£>U. "^)jal^."j "^j\j" ^Kuul . ^jl£j^jl JaliLi fiJlC- jl 4 Aq'l 

cluiii]! AjjIjj jl Cimlll A.pl^.1 Ailx-o CjlOajlx] c^JI aJV^H 

£-<a 6 "MEMS" Q-nxllI ^xxn q (jSxxn ^ Vuxi uti ilaAjami] . (JI£joiVIj ^ 1 *■ q\"Axi ^ya 

Ajq x.^i ill ~ Aj . all - A jSj jlSj, x> A aI~x’^\ j cNEMS t AjjjaLA A_j| 

j jf^l— Aft nKj* j j i(Micro-opto-electromechanical systems (MOEMS) 

Clalxxi^^ll i^yazul A nx x> CliLajoi Q J \^.a\\ I1a ^3 OO^ o' (Bio-MEMS) A-j J)J^ II 

jAl 3-*><a Aju^I ^ic. (.ftxxn ^olll ^_ij ^11 . A ftj 'll Sj x> j^ft-La dlV LS^ 

(Figures of etaVI CiLoilja (l_j) ^ILull j JjxjIoI! (I) :MEMS — II ciaLui^^J 

AiiLJl MEMS — S' o^ ji&ll J ^ .Cjlinklll ( — a)j < merit) 

JaLijl o^c. ^^Ic. ojlal o' U^J (Multi-Faceted) hix 2* aJ>£aJ 

» IgEatxxn £_£JL±a1 ^jxi'jSjxx) ^j-o 1 x> o^ cAlUal] 

Mechanical models AiSjiUull ^jUUt 2.17 

t Cjlil CjLuLd MEMS SI A >a * t . 'Uvn q\ ,jS^ij 

.<kl*-a]l 2 ij;'ii\I Cilj jS^ll (Damping) .laLaJill (j^»M . ^.a. diVlaJl u'-^* ! ^ j 


dil^aLsw 



JaJ uil jSIa Jjjaj (j^jj (jl 1 £ ** «j d jjaj £^11 AiUa)! Jjjaa) A ° ''■•*• « diLii 2.17 (j£*iJI 

jl AjjauII ulx jjuil (jc- ixui J^li AjxjI!) jLiuC- V L (jiaj . ^'j^! c^! 

Jajj (jSju .UUj ji l IS1 ■ ■■ Aji^aj Lai / j ■■■v ja^j ^11 jLLlj (jl tjjjjjll JJjj Cj|jjxJi)l 

. JiJ ljI jilaj s jjAj JaLuVl siA (j^ JS 
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da! jsLaJ ^^aa!! (JjjVill <jA jj ^jiLLa]! dlLill is^ ^^^1 uj 

qC- ^jjILoII Jojoba!! 4j* . nil ^gic. 3C, V^j (j^-aJ *2.17 JS^l ^3 ^jJa ^a ‘-^_J^ j ‘-u] 

La! <l (jai^vaI! (Jac. J-ia ‘ i ^gij ^jLjoj j! t^jjj^)]! ^^3 CjIjJuI! j! Ajj)j " i jl! ciAa jjojj]! 

j V <3l2a]l (J^^-a <jl ^glc. (Static) "(j^Luj" .Ltaj jl lj£Luj 


Jajj j^AJ .(Input stimulus) <J^I jsLa. ^ L>° U^ 1^] V] ^£ja. 

4 q\"A a AiUa CIsIa jJ^Lliuj j 4 q\"A a dl! jsLa-J JalAjV! j)A 

^Jc. <a±LaA 4_i^.jLk ^j3 ^ja (j! MEMS — 1! ^ c!jIa j^Aj .(2.17 (JiuJI) 
j! ^jlil! ^Jajoi ^^Ac. 6«i]_^A <L-aLiA djbl^U j! (AFM cIsLoi^a ^JLa. La£^ ^jLil! 
Clu^. t4 j^.nl^iA CIiLAjAa LujLuj! (jd^l! JaAj (Ja*j ^1 J^jljJI CljLui^-A jj .4_ldlj 


A^jll! 4 _j^)a]! Ja-uj jll (_j-a!^a. AiLjaVLj t<al*Al! A foSllj aIIxIIa (jd^}]! ^gajl t/i^ 

L>* (Analyte molecules) a 'U a I I SjLJ! diLuJ>a. JIjja! ja t!>LiA .(Viscoelastic) 


.jUjaI! jLpjVI 4 >ni 4_iijj ^ J! AJLa. cJ^ 

l^_jl ^gic. MEMS !! djLai^-A a^jLujV! j^Aj t^Jd.}]! da! jsLa. <*_nla ^Ic. jIa^cVIj 


JalAj! ^ jdll Lxjijj .(2.17 cJSxxi!!^ J\ 44 jjIjajS j! 4 4dljj ; i3 daLu^ a 

Laj^j j! S^jjoiLia (J j"\ a\ 1 4jSyl Sja <lLa. ^9 ^jjjj <jl j^Aj cJ^ u^ o -0 AiUall 

c^LIa . (Jj)"\ a\! ^UaI! ^Sy\ SjaII iajoi^Al! _pLli ^j! ^Jj3 ciS^j^h SaxJ j! 


oJi] jIaI! <>ja\! djljlg_a.V! cjjjL^j (IR photons) ^!^>AaJ! djlj Ji jil! ^ WliS 

(jl ^Uil! j)A <j! V] .(jjj^il! i^ya 1 xA^aI 4 j\a» \ o^jjoiLia a -Nj'n^ MEMS i! a 


Sj^aJ! ^gi jljjjV! (j^uxiV'i (__ 5 -lc* MEMS c Wliljflj IR djlijjjs c. ^x : l)S 

Ajjj j^JI y^lilAl! dji^jjjLil! (jC. t QxxiSl! Ljaj! (j^A J .IR ^al xA^aIj JaJJ^jAl! 

aJ_jUal! Ajj!_^aJ! dji^jjLil! A.yjY \ MEMS CliLuta-A <lajuj!^j AjjLiaj^ j^J! j 


jjl 4 _aj\jajS j^J! j ajjLiaAI! (j^j tLJjljj .Ajjjj^J! j! jIaV! c!j1j'a » \ j! Sjl^al] 

.4 ,LiS 11 (JjaV^ CjI jjjIj j! ^Jajoil! 3l_g_a.j j)A j)A 4_alAj o^ujLia CjIjL^j-ujI C! 


Static Deformations 


teLA oa jjaa 1 . 2.17 


a^jaal! (jlx'n jxxijALIxa j 4 AijiLa. j}A L$ S- 3 ^* Jla. ^ 

. jl^aJ! JjaI! ^SjiKja ' 1 3l^a.yi (gradient) ^(jxmL jjc. J^xaj t^jUl! 

JAaJ ^^LaIxA 1 Ag \ 4(jjjjlA j)A (jjjilia jjA <C- J) U^aH ^j! jj\\ ^t>lVl 4 JLIaI! (_3_1AajJ 
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(jc. ojjoliII (jl .3^)1 ^}dl Aa^d ^3 dl^jat,' ill A >J o j-ulil 4(jlalidA 

J£j1j ^,w"u j d3j i^jjjLiall ddAj c^jLjjj ^d*] ddj (Strain gradient) Jl*i3VI ^jdj 

dlxui^A^all (_£^)Jd]l ^jj frill ^) 3 jJ tJHal! (Jjxuj * dlliuj^A^)j]l (JaC. IdXo ^3 C. ViSa 

A_AjIj 1]I A^.jUI (JAjfrj ^>la3 ^ <0^1 ll A jljlVl 6 jUc. ~ jSld) ^AJJ (Jj3 (jA dl I aII ^.Iaa!! ^jUdll 

Id^J Ae-^IlA djLldxl ^>1 , W'uj (_£^>^. tUij.W J A^.jd ^iilll aJ^Aj jjdxAll 

. (jd*A]l Adiliill Aj^_^-a1I ^j! jill IjjI^)^. aiI^jjuiaII dlil^dVI ^Ijdll 


^gic. ^)jJjuJ^-<i]l ^.^gjljll ^IAjujJ lAjjJ^.11 J AjjljAjSlI dlLui^-xdl cr^ ^ g l3-l nj 

c_a2£ o^-«J ‘JjVl .(2.17 cK2JI) 4iUa]l (jiA jjjt-ujju (Calorimetry) Ajjx^uaII 
Jja-a U jl jlol £-* Siaijlall Sjl^pil A^jjj (Analyte species) - ULX 1 g-l j&\ 

^Ja-ui ^Jc. AdV AjjIjajS A-iIaC* d\j_j^-A (Jjid A_dldll (jdj 4 dll .AdUall 

A_iiiJ>dl jl jd^l dljlAxI j^AJ 4j£]j .4 -H^-aII oddll d^^. S jjAA Ajj-ald (j^£j (jl 
Adj3^)]| ^\ ^3 AjS)iISja'I dldlg_^.VI ^ U>ijl jjjj (jl Axmll AjjIjajS' 1 djlc-lilllj 

^g-dlAll (j^)HI djlj'n U*1 dlA L_fl^)C. dll .Aj^l^dl dl^ildl (jC. ^)l£l A^jUjduljj S^joiLia 

C iVil (Jxaj Ajdl^)3] dljjL qa Lji A_iij ^ jin**) ^ic- AjjUIj A_djdl dl jl jIa^I (jl 

(Jxdlillj ^j| ^lll ^Jjl 3a (j-o (Jj^la (jA j (J^3 .^Jajxll dg a ^3 A Ag a dl^iiu 

(^Lilll A_LxujI^j A a 3^> )VI d 1 a ^^3 ^Jajoill dljL^^j ^3 dl_jj3t*ill <Lui!^p i£ j_jS.)a1I 

^yill Aij^Jall olA ^I.IVujiiIj .^1 mm AjUJJ Lnd a!j3^)]| ^IjIVI ^ dlA jlVill (3 j3JI 
^^3 dl jJtlll ^ jjLojj ^4 A_da^jlx]|~g.\ Wil Add Ixllc. 

dllLiA »^^)1 Ajij ^ ^.jldll c." i^k"i d!^)l ^Ijdl A ~>jVi A'i VuxiaII ^ 3-> x a \ l jl^^l 


A*i V u^iaII Adnll dljl^_^.VIj _j! jl-oVI dul^jJ d^)^ c." n*\ jI^aII j)-o ^>^.1 ^ c-^WlS 

aJIa^I j)Ajdajj .(Colloidal Systems) Ajjj* 1I ddVI LdliAj^ 

4^Jajoill 4l_g_a.l dl^iiu AIsI^jjaII 4Ajj^)*JI ^)Al^I=i]l C- A Ag aII 

jjjjU ddsld AjjUxI dlixL (jj£j jl (Hydration) aaIaVI dd (Hydrogel) ^L^l 
^Al^dl j)C. AxujLujVI dLujI^jdi] jjl£ d . c-l-Q — p-l ^A nill ^Ja-ull die. ^,*\Jawill 
AjjIjajSII dlj.j. 1 ^ aII ^3 odj.W a dllnlaj ^a\ x^'iaVI j jl^jxAVI (jc. dL^Lill AjSj')\,SjaII 

Aj^ULa .^-ujIj (JSdj dlxA AFM il d\ aI ^jj^SII ^ u^il (jl ^Jl 

Aj^x^iiII Ajl3I^)]I ^ Vuxiaj Aj jLJI AjjjSjaII ^jl^i]l cJ^-d c** )l^ x a) cAjj^)£La]| 
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^ CjljjiSl ^ gi^aJ l (j-O^ i— iLjiLii (Optical lever readout) 

•mN m' 1 

.1^1 (j) ‘ ^ *t_L<a 

4^>j (j-«J 2i^‘i..*/»'l A Ha. ^11 ojLall AjIIc. (Affinity) -A-ail laJ l .aiu iLiAuij 

^3 djl^ixallj <4 joj1_jojI 0 J J » ^IjJal jail ^Jajalll 'i ^ ~G ^3 Cjl ^Jjxllll ^Jc. o^iajjaill 
jl (giajaill (Jc.liij) jlJlaVI oLiLaxj (Gibbs Free Energy) Sj^Jl (j>ii;> SiUa 

.<Uajou]| ^—Ic- I [ *_^i j ^Lill tjc-lijj L-sallxiV 1 CljbLaxJ 

4 ^jfbjl^J-ali AiUall ^Aj AjjUa]l (j-a ^aib-all (Jj Vilb ^jaibuVl ^buAVl £ l rn * ub j 

AjA VUxlVl (j-o -li^JtAl £-a AIsIjIa MEMS H CllV^^-G (jl ^ 'l3M A_A^ gAa (jl-3 

j3jj Auxjj .<1jLoJ 1 j AjjliAl cjlinll ^ (Responsive phases) 

jliicA Aii-dll (j-a C^j£l_uAI £.1 WiVI ^3 (J-axJ Ls^ CllLuia-A CljbLaliuA <alla-a dllc-^-La 




^jU 4 aj&Iuxa — 4-Luiluj <j-a Jjjj ljUjjaA jajS jljlaV ^kjkVi 3.17 J^uAI 
Cli&Sljj Jil\ AojliHll jlj laVI ljULgC- ^AxuAl SjaJI AiUoll Jli . L-iAiiL ^^Uxa 

. Lr ln]| ^JauJI fjk (j^alAaJb 


LS& ^ -aj ^jbll C!_L)lc.liA]| La-lic. A-a^^La ^A (JjVt ^b^Aull 

jj-a l** n^k ( 3 . 1 7 ^^gJax-a 4 _ixjJa j\\ e A a ^^Ac. (Jb^ . 4 j"\ 3 a,ui ^)A I ^la 1 g .aJa* An 

LaJ . bA j ^lla-a £^jb ^Ac. ^.^jb-ui-a aAjoAjoi dll A b-ibj^aA ^bxu^ll jl^LaVI IjlajA^Vi 
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ciilll S^)^ll AaUali A J SjULg A^jHlill CIiLiLgC. <jl 

"a jlc. ^ jJ-ixtill 4 (_£ 1 ul& . i nil ^-Lajoill 6 jlc. Alai ^L g 

^ixlill <_j-g ^^ill IIa .Aj^I_jj-qV^ C^liLxIl A >jV^ (3.17 JAxull ^11 

A-iL-a^l aJL^JI ^11 ^-lajoill A^jl^al ^Jl S^Lujy^J 4-laC.Lja Ail ^ic. ^3ajoill 

^£1 Clljl£ IaK 4^)j£l AjjI-ILVI Aj^Ja-uill AaUall Clljl^ Lg1£ . Aiajjt *>>^11 

<j-G ^)jj£]l ^ .Ajjlillll AjJjj-gVI CjliUxJI ^cjUI ^-LajJI ^ jjilll A-ijI^gI 

^1 .’W'uAj AliSj jl JlcVh A'W‘u^ix>ll CjIa ^juiIIIj (3^^ ^a jlJI <j^-gj 

^ ^ <_j-g LujLujI AiiU! A3^L*JI ^^a (Jj^tj 

J_ 6(l-\)) 

R 


8g 


Et (1.17) 

(J-gLx-gj (j^jail^J Ajjaij ^Jljl^l iS^“ E J 1) 4£^Lill L^-3^ *■ ^A R V* 1)^ 

Cllljtg_aJ .lljj Lg^C. .^Jajoill .ilg_aJ (J-^Hj jA 5o J A^Lgjoj ^^A t 4*e3^^>^ 

AjjULg 1.1^. AiLa^) Clll^^lJa ^j-GjJa jl A-iIULg A-gC. 1_3 ^ jl^^i ^^.Ic. AIa^Jjuj-g 

<jla 4 1 . 1 7 aJAx-oII ^1 , w"ui,)lj . ^joiLia Lg . 1^. ^Jj ^a 1.17 aLU-J] Ha j (JjWill ^jla 

.^a jIaII ^Ja-ui!l ^ ^illll cr^ uj^ u' 0^ ^lill ^Li^jV dilxa jiill 

l^_jl ^gJc. ^Jajaill jlg_al ^ clll^lju J! a] ^-a 4JllLui^-G CIjLAVuJ (Jj'Vi tj^-^ 4 (Jj.aj 

. (Jj"\a\1 ^j> 41, Vigil (J£joi]I (jC- (Jsj JOlA cJ^JOLJ C-^Hall 0£.li£l 






^clxui JJxj Lalic lilljj t <Ula-a »jLu CjIjI^) MjlaJ < _ r 2ajla^j jj^aj 4.17 

ij5lc.Lij]( 4 11a ail sjLall 4 unilL ajjil 4jjlii 4iJa jj£ 1 f^Uaj £jjUll 

1 1 ^ <u a£j jjiajj .f^UaJI Jliiil ^11 4 jIa1luV1 jjL Ixuij ^ 11a all SjLaII iJjUjj^ ^u 4jjLjLaJI 

. CiljAl! I jjII j CjLjjxJ j» ,_jlc- ^.J *> « <4.-., ,. . illLjILi »l <4."., „1^. 
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ojjij AjjUJ AiLia jpa jjiSj .J-i^l a£Lgjuj ^3 c-^LlaJ ^j\j (J^xj LaAac. 

1 g'Wnxn cij|jlg_^iU ^gjliJI ^-ijAill jjli 4 ^‘ 4 ^ 4 a1L^I SjLgII AuxmIIj (Permeable) 

dj^lc-lij jLiic-VI (j^xj a^VLj j!i£l ^)i laj u^ -4 ^ (4.17 J^ll) aH^-aII SjLgII 

^jlill L_alj^jl ^Ac- ^ A A_ill l '<i>.s-ij ^j£aj 4 AjI 'v’uxiVI jjla laxxj £-g A W*\<q\1 SjLgII 
• (4.17 (JSx*x*AI j Alkali SjLgII A''iViun g.^( 3-a \\ ^LilA jjA ^lAi ojjaj j)C. A_a^.Ij 1 g*^x*ai 
4(_£l 4 CI 1 I jaJ jJIj ClAjjjxll ^ jlc. ojjia-G CIjIjjILg ^I.WujAj ^jaS'i (J^aj 

j)£-GJ 4 LajaC. IAH^-aII oJLgII £-1 jjlj £.^Hall jjJJj ^^yLLall ^2 ojjjaII A_iJjj^AI (_£ jail ^.n'q n 

^\ jail ^alJdSI cij^j ^jall j 4 (Dispersion forces) S \f\^\W j 2 jjjxj 

(Solvation (j j3j ^(Osmotic forces) A_puJallill (j jail j 4(Steric forces) 

I3j Lg ^gic. .o jIaaII a W*\ aII j! jaII aIs-ujIjj c.^Uall (J^.Ij 6 jj jaII c forces) 


Ajli 6 (Gel-like) Aafxjj jl Ax*a Ail ^Ic. jjlall Aj\ V ud i «a^ j a-g^^Lg jj£I (jl£ 

^.^LLall (J^-li JaxjJall CllljJxllJjl jlg_^.VI CllljJxlillj 40 jJxJaII (_£jall oAA Jajj (j£-GJ 

. Jljill Jc 

ojjLxA-gJ AjjjiJI A_iiiill ^ jiajaillj A_L-a jj^VI jA (5.17 (JSxxill^ CLilUllI ^Aja^II 

jljla^U o^C-l j Aj 2 Lgil ^ic. Ijji^. 1 g jlc. 4_fijxlill (_£ j^. ^lill Cljl^^Ualljj (^jgajl j>.>o*sll 
lAjLuj Ajj/nll jljlaVI aAA j)-G .l^ixll jglaj ^.MEMS CIjLui^a] LijIjajS C t nVuHi <_ 5 ^ 
JA&' oAa ^-a f.^1 jill djlal jaJl .(Molecuar sponges) A-njj^JI ciljV^xxiyi 

La j 4^Jajaillj 4-lajoj jll dj^Lc-lij CljLill ^j±i (5.17 (jSx^ill j aII^-aII o jLaII (j-G AIi^JjoiaII j 
aII^-a o jLg — (JjaluiA dj^lc-llill AsLLal VLx3 ^Ljj^j CIjLiIVI oIa 0-gJ (Jg,x*n ^ ^ ^ jlxuill tj±i 

^ic. (Jjx-a^JI ^ A‘‘nW CIjLjujIjJ Cll^-jJaj .^jUII ^ Wl A jSjil SjA Ailia 

* 

^ jixuj ^Ic. a Ijhxia diiij La^jc. ^_pLj ciAjlv'ui,)! jj£ AjLxI djl^ljjjl 

4 tilli ^^ic. o j^Lc. . 43 45 L_iAill ^j-g a_ac.Lj ^jiajai ^j-G V^j (Nanostructured) A-mll AjjjLj 

J£S -lajljiill ^1 ja ^ 1^. (JSxxij Jjjil AjjLLg A_mll Ajjjlill AjI V’uxiVI jl jial ^Siii 

CjI j ^jl jill dalal j^jl (jl (j-G jILj .Alkali ojLgII L^_ljj-a j Adjl^-GV AiLc.j (jjAj 

l^jti jj V a£Lgjoj JSI (Hydrogel) ^jLg ^k . a cijla±La jl A_mll AjjjUll djl<i!>Uall 

Ailkil JcSfl JaJI CjI JJ^ail (j^-GJ Ajp 4o!>Lc.I l^_llj jIAaII ^"jl-Aill ^L'iVhxiLj Aa^J 

.AiUal! Jali^jl ^gic- A_laLuUJ LajIj AaIxj j)l ^iLll AaUa (J j^-a t ^$ I (j-Q A_^jLill A jS uISjaII 
JaLiljl (JoLlil AIbIjaII Aaliall 4_JjjJa (J-usaL^j ^ liar j A^AHaII Aaliall ^^2 ^^ic-VI A^Jl I^A 

.^jUll ^ la xxi ^ic. dj^lc-lioll oAA A 1 W a o jLg — ^xBja 
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^21 jj ilAiljaJI ^»a2 .(Ajjjjai uLaiiw)} AjjjL jljki AilaJ i _JhJai2 jj*aS 5.17 JLuJI 

jiaull jjjjLaj .ia~. uLlI (jjj A 11a 4 jl jm 4-iaJL. ■•-' Ajjau jljLl u) J 


U^jla. aJllaj AjjIja iIiIJIJjAI 2 . 2.17 

Externally driven and thermal oscillations 

C1 sIj 3 jAa l^jl ^Ic- e.!)LiJI ^^3 jl c.l^JI ^3 £^li]l AiUa A^JIaa (j^AJ 


(Jj^l ^al .W'nAj ^jU^aII l$£ jLoj A (j^AJ 


AaL^j dll i 4 _i£_ijI£_ia 


4iLi33]l (Jj£ll j ClaLailLdll (jl3 ^Jl Aildal .4 jj jj-a jl 4 j^nl^LixA jl <jjI_i1a 

a} j 4_kJa^)C.l^_Lo (Jxd Llj^fLiA Ax u^iaII 

dLai^A] (j^AJ (jAj .JSljJ ^3 a^)j» x^ill dl_AJjai^l] A£^y^JI (Jj-al (jjd 

• Igj jAj jl 4-i^.jld Sjia £a Ia] -IxaIII ^3 (jl £^li]| 

^^flijl^iA (jlj^)-(J 4^0 ^ (j^j^l djj] Lli^j 39.17 ^J^IxaII ^ 3-»n ta3C-li£j 

aUxaII AJlxill a£&1\ JaJ_j (j^AJ . C-I^JI ^^3 iS >^l C5^ t^-fldxd <_£3 

jA n 1* imQ=nm h <id*JI j>A cm /? 4-djlxU JjIxaJI c.^JI 4-1^ ^Ia^L cr^ 

dijlij ^g_laxj ^ 0.24 A a i* 3 n I (j^5Li c (jjlxluiA ^jlj 4_IL^. ^^3 j ^ ** 1 -^*^ Jxuj^a 

46 :*Ll*JL (jiubll 


k = 


Ewt 3 
4L 3 


(2.17) 
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JJM ^ L ‘ t LW J 1 £ l<a ^lill oJLaII 4Jj^a 1I (J-aUt-a E dj 

(J-Iaj (J^la^/I £. ^jl ^ill (jl 2.17 ^jAJJ . A^LgjoiIIj t^jLill ^ jia^C. 

AjjaiLoi^. ^)j£l (J ^laVl (j_j£j cilljJ A ~njVi . _j» >.si\ AjjJajlj duljj IgJ (j jfLil ^idal j 

o^Lai^JI dJi ^j| ^ill (jls l* 11^ .^-Inll .ilg_^Vl djl^jjxj j 4 gila^H 4 _i^.^jL^JI ^jjjLiai 

« ; " * & 

0 -i^-dall lg_i 3 Lxu 0 _i^jJa]l ^4 ^jl ^)jllii] 4_da^)C. Ix^ijl ^A 4 x^^'i^ll (Stiffness) 

"^c-gAa" <1 A Jaj^^a £-o U-j^J^ a\\-^. ^3 ^jlj (_£^ u] d l Vun^ll 

lajl A'\ Vun^ll j A^jLllI djI^I^A^Vl (JUa-o l_LoAjjj ‘^thCO LSJ^^)^ *dal 

IAjjI jaJI AiLLai] ^).laJI £-a £^jlj 4_*Ja^)LxJ 


2k B TB 

xkfoQ 


(3.17) 


300 ) A ’qU-iA l o jljaJl 4-a.jJ <^a Z 1 ‘(1.38x10 " 3 J/K) (jLajjljj Culii jA At b ‘Li* 

2j JJjj J& fo *(j4jii5l O^J^" B ^(aA^)x1\ dc. K 

(Jjsl jJ t3. 17 4J<^1 -*-aJ 1 (3-° ^ Vl'dij La£ . i^Jj-aS ^3 Alluisl-Lo dj^a. 0-i^aJI (J-olc. 

^jaj ^^j^lij^li (Jjliill A y fn ^ j grj^^ill ^^lc.1 jj^ILg AjJaiado S^Loi2k 

^jlill dal JjaAV t/* t^lar^H ^ Jill jU Ajjl^aJI ASUall j ^lill AiUa 

(jl .^q c^jd^ll ^jC. ia^a-Lo J£dl <jl ^j£-gj A Jn*\l (J£ dc- Ljl ja. AIi^JjjiaII 

<J_jl^>aJI AiiUallj Aj^jil *4x1 11 AiUall (Jaj (JjLoll ^j-o A^jLlll 5 /q ^ JJjjII djlJSj (JUa-o 


47. 


: y> 


^0=-. 

A 


1 \2nf [} k H TB 


0 ,V B J 

kQ 


(4.17) 


<aila-a]l dll ill ^3 jljJ^lj 4.17 aJ^Ix^II Ujjj .^jUSt dal^l^jjAl (Jlia-o ^A A 
HjA\ Ala. ^ oaallu ‘A / 0 // 0 ^ V] ./ 0 4! 1 J 5 A / 0 

..aUU >41 JU1I 


A/o 

/o 


1 2 jukgTB 


kQf Q 


(5.17) 


cljjl^}^. ajllLo 5.17 - 4.17 ^jdl^ljt-all J ^C-^)ll ^C - j 

Aj^)1 ^JjujI ^a^C- ^Ic. ^^)I^)^J1 ^A^dall _jd\j ll \, a £ ILod-ujl Idajl ^jls 
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(jli JoAl ^3 (J-oaj ls~^ c — ^ ^Jla. ^3 \ '^nA'i .lic-j . ll^jLk o jULa]l ^jl^lll 

0jLi]| jjjjII ^jI^jjujI ^a 5.17 4.17 ^ ^ 4 •njVi 

.^j£-o-o (JUa-o ^^lc-1 £-o AiUall S^LiiL 0_iajJall CIiI^jjjIj 


.AjjLjus AFM CjI a uy a 1^! ^-Ic- *La.^Vu*i4 4_i^J j^j 4-nlLa £^1^1] 4Jla| 6.17 J^u^l 


Fabrication and Readout <Ljjaiu<VI Sfl jMj ^ . jWall l 3.17 


(j-o *ic. j) j \j^)1^j A^AHaII AFM II diLaia-A ^*1 ,w“u J c. V‘i^.x> J^n 

i ^\ ^11 ^3 ^ ^.^j\j ^^Ic. ^.j. 1<C) dal >A^a (J Clst^jl ^3 Jjjaj (j-° jl 

CllllllLaJ ^^3 ^^jlill A^lJa CllV j^x>l 4j^n j Ajxa.Vlg 11 ^jj 

^(6.17 AFM II <^Laui o jj^^j .AFM II ciiiil <^_jLuLg 

^j-o MEMS ClsLoia-al AiUa dlV <C.l_L-a Sjlc. 

^ull Jl jiaVI ^ jl jjj .5 (im j 0.5 (jjj a£L<ix*j SjIc. IgJ ^jjfLj ;^jjfLiLaJI 
CjjIjj Lujai Jl y j 500 (im J) 10 jjj AFM — II Ci Unl-ii J 

ojjjij i— itaali Jc. AFM — II t— i Loa^i Aelita ^ jSj .0.01 Nm" 1 Jl 1 qa J Jl Jc. 
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^LaILJ SjIc-Jj iLllc L^.LjJj c<jJai^-Lo <al£j <jajj dn^ Aj.Waj l-ii^. A'\\\a 

CllLillaLlA I^A J-lxJ ^ilil d \X U^l J AFM 1! ^jl^j ^JAxA* 1 ! i£ J . A^jLl! 

Clilinlall ^jUII AlUa CIjVj^-o AIL^. LajJ)^. s^jA- 0 dl^ix-sa! ^Iil!j 4(j;ix-Q J^nlaJ 

^^Ac. jL^. S^IjjaI! CIAajoA! oAa (jjj <_ja 4 A"\^Lq . (Jxi^laI! 

. A m 11 ^Jajuj (_)J^)]! (Jjj-aj AdiliLajj ^jlil! 

L_UjjJ^JJ (JA 4 £^jljl! Allia A^> 4 <alxA Aj J^)fLiA 4_iij ^ju^'i 4 La^aC. 

. ^jLI! A j a j 4_niL^A! djLujLi^ll j A£IajoA! 4 ^A! jiil! ^^Ac. <. ^j^iaII d_i! ^ l-i -^w ^ .LjaJJ^ 
J^)^Ja 1! (JjjuaLil! ^^Ac. J^xx^Jj ^j!^il! (JAa A q\» A ^±1 ^JuAl Llllc» .IaAxJ 4^)-aLk (J^JUdJ 

L_LluJ^)JJ Lille. Aa-I^JjaaI! O^j^luA! Clila3Jj (_£-l^.! .S.ll^,j (jj^jlxxl 0^)^iil ^ Ajj.i.i'N 11 

^jJajJ ^LVnxilj o.li^,j (jj)^jlxxi S^j^L Aala^j ^jjS JjfLiLJ AjjdlJ <Alla 

(Low pressure chemical vapor deposition- Aaxdal! (jini^!*!! ILLiaj^ *jLS)I\ 
£ jSi J ^j£aj tLPCVD — 1! b JJJ^ Aaj^juj jAixJ £aj .LPCVD) 

. LaAIc- A^_da!j CjIa^jujJ V <11xa 1! ^_iil! (jj d n^x ) Jj jlg_^.V! 

^LVkxL ^jixl! ^Aa-uAl ^^Ac. tjjSjUl Ajjjj ^Loic. A^ja Vn ^^jLil! (Jl^di! 

A. ^Vu x n .(Reactive ion etch-)RIE LLA ! JjjV I ^Lia,h.i Ac.jjIa AL^dal! La! jc . JlM 


^Lill! .ij.i^j A-Ju ^,lLxA! ^JajaA! ^Ac. (j^fLluA! ^j_jlll ^^jjjJal! ^a!^c. jLll! Aaj. 


^LljV La*_a jjliLoA! ^jiliAjj Aj^xj . jj^LxA! <li£J ^-IiIa V (j+ijAnl 

di! ^j-o JLj ^ai.'iVuxilj ojjlil! j Ajjj^jUx) ^j ! jj 

^jl^-Q (J^-3 ^-jLola ^jji^jIxxi 4_ii!a (Epitaxy) a i ^1 ^j^^iLoAl A_jLuj! ^j! g.1 n uxL a^jLola 
48 ‘ 49 . ( jlidul! 4 . <a\4jl 4i±L jjj p- l_jLL<A! ^jj^jhxA! ^ (jj^..A^A! ^jjii j <Lia l-iujjjj 

^_>AaJ ^KOH ^ ^jj^jhxA! ^jxnA*n Jia 4^ aJxxi^ Jjx-xjjj (_$\ (_^^IAj Ajuljj 

jli^V! jA£1 ^ ^a!1xj .LiiL^a <a±La ^! ,w"uA 4 _ajIs ^jLI a ql“A a ^juLi 

4_a±lal! ^alAuJ ^jj ^ 9 _A_ijlj^)il! <iiLall ojIa AiiL-aj ^jj^jlxxA! .‘ijxxi^l ^^^Ac. dj! jjjjjoAI &Aa 

.7.17 cJ^xxA! ^Ja ^a jj^jlxxA! ^jAi ^ja ^j! ^ ij jjxxi-n j 4^1x1^! ^jua'i A_ii\j^)il! 

^_j£aj aS\ V] 4 j!^a 1! _jLilk! ^^Ac. A_iaLjaj L jja Aiilal! ^LVuxil ^j! 

^jLI! (Jj-a^Al! < Usx. ^1 j)i^ i ^XA (JaI^IL Ala! j!1a dilladj ^ja 

(Complementary-metal- oxide-semiconductor-CMOS) jd*-Al! aija£! ^aIa ^^Ac. 

. Aj^jLxaI! 
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£)a J £_iiu24 A^^Iuxa Sjjjxuj JflJj lj! jia^ ^Luajj 7.17 J^u^l 

jj^a ASlij Jj^3 (j^oluill JjjHj (jji AjjoL Aid c-lujjjjj SjjjouJI o-lA i±u . .Ljjj 

^ddl Jjj3 Jjjjj <j-a fLutP h)4m £^jU]| JULuiI -L-id qLaj .SJjaj Oj^L 

.(RIE) iaJlj ^jjI A£-jj1« Ajj jdll dl jC- jjdl ^lAaduL ^ic-V' 


L^^lxuj A \j nil (jdadl dl^^^LLa ^)3jJ c A-jjj^ll j A-ijlj^j^ll dLo^-all aJL^. ^^3 
“ '(JjJJ (Jc.lij dUalada ^1 .W'uAj AjjJ^. jl A nj^jJ d^yUlla A_lajail LijUijl Iglj.Wl ^j^aJ 
II dl »i\,a i^_iA31Ij ^ dl^^LLa ^al.^ Vuxil AjI -1^-J dl 


4344 


.cjAJ 


^gJc- jldj (J^. jjAi^JI jlc* obd AjjIj^j^s Ajc.^j ,‘nq'n J^.1 (j-a MEMS 
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(JSjji (Macrocyclic) A - ^ail A-ialaJlj AjjjaiIjJI (jl (jjii jj]I 

AjjaiLota. j^jj 5 (im J) 5 nm (j^i (aLSj (j j£j <jl £L^.jS/l ^3-a I^jiall) a£jaui AjjoiC-1 
ClL£^ ^Jl AiLdj ~~ - 4 44 4 ^ ^ 41 j^jjl 4 alLk ^ 4 j j i >><-- CllLlS oLd 

56 ' 58 .dUSI ^ Aijjjl _jjlj ^Ajijj^aC, 


4jU» . >» j t(Piezoresistive) a -J a* ■ >»!' 4-ajULall j cAjjj^ajl jjjl jUl ^Ia^jjoAj 


Cil^Ljjlj CiU (jJjii J^-aj c^jjjSIVI jjjxJIj t4j_jxjoillj ^Piezoelectric) 

fi^)LjjVI Aiilla ( ^9 (Jjl^jJall ^-401^ jjal^ij .Aullc- Aid AijUa _ (jaj^jil JJ 

CIiIa jl MEMS 11 dla uai o.ljjs]l dll jiall ^ 'd .^l*Jl AjLldail (J^Cu 

4 I'll ys\\ dl^dliSI ^jc. AaaIa ClaLo^ix-0 dSj C5^ A-^S^SI djp l‘* j 


.( 2.17 (Jdiil ^Sajl^ K^^'l j ^S-SaSI dV^^-o 


Optical Methods Ajj>-aJI jlaJI 1 . 3.17 

Jl 

II (Jj.i'V.qI o^J^)i]l dl^idl JailS d^)j V ^^jLlSI dal xi.\^.A (jl ^Ja^yLollj ^)J.ldl Ja 

(Optical lever) "ajja-^JI <*il jll" ^jVu>u lala^ Ldjl j£J j tLjjfd ^ u^^ll AFM 

* 

Aj jj^dl (jjl jlall j-dajj . A‘*n.wll AFM II dl jjg Vi ^^3 ^1 . W‘‘u A/l £jLui]I I 

IdajlJ Ajj jjJall d jdl dl jdl AFM SI ^lill dlil jdl jjAj 3 Lol^kldl jj^VI 

^ .(Optical interferometry) (jj^iJI J^ldllj ("ajjj^iJI A*i! jll" Alajla^ l^J) jld 

.^jiiiS jdl djlall ^^Ic. (jjjjl A3j^-o (jjd t all A-ajdl d!^)d! AjIsj 

^3 j>^»SI Aijli dl^iiu cjS (8.17 dll) I^A ^j*uj,iVall 

dl^iAll ^jl .10 14 m AiSj (j-o dl_^.\j^)j^U dl_ujl_i3 (j c- C aj.wll *^1^1 ^.Lldl 

AjlddVIj AjjIj^^SI ClxXix^n Jl II 4-jld. ^Jt> Ajjj^aJl AjlsI^SI A^j^ial A-<^_a1I 

^^Ic. (JLaC-VI x> ^3 Aij^)laSI ( xjojI^SI ^al . W" uj,)V1 ^-oj «A^ Jl ^1 J AiaLouSI j tAdla^Jl 
dl ^)j»,‘aSl cJ^I (j^ 4 1^!1a . I Ai^. A3 u^ol I^jIj^j.W^ j\k i ^jl^SI dLoi^-o 

^ixliSI _jjjI J d^. .^^i-SI fi^)Lujl ^jLlSlj Aj^-k ^11 Jajaj jll A-j^x^naSl ^j-al^kll ^3 

jl A_ildlij ^lj_)l ^al . W'ud (J^l-^j (J-°S^*-S I J 4 J[ xxi^'aVl cJ-iSj ^3 

Aj^)x^i aSl Ajl3|^)SIj jVuu^ dLui^-o dllnlaj U^J •c^^iSI Ja ullda 

(Turbidity) Ldjl j Jad j!>IS ddddll (Opacity) Ad*. II JJd ^gic. S jjdjlo 

SI (^l-Saj (_pa^)AJ A Aj^)j^a.iSI A*3l^)SI A^j^la] Aj^j.Wx> .AoJaidiAll 

• kHz — SI did o^c. Aiij J* *dlc jA (_^^SI tPSDs 
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L^'j 


CililjaJI (jjU&I 4juLui2! 4 jl2|jJL <U^1 jaJL uj\ afljjjJI 8-17 JLuJI 

. AFM LjjLu Ar luxtil cjLui^JI 


(Ji.l.ii]l ^Lii* n51 r. 


65 nm a£>\ ^ ^ a y*£- 


200 {J& ^I jISI .^^nhitall (jjj > «' 4 j. ,il . ,1-kH iijli 9.17 

(j^Uai AjiiilJji) AjaI jiiLuVI SfljUl »' '■*••;. ■■' ijj^ . a£Llu 65 linij 

3 £}a SjJLd fjji jj aaj aJA C ia. <u >■ i. JjloJI j» ijAi^ ]| ajlja. CiLajJ lit . Lgjlil jaJI 

.Cij .Ci jjL ^uulum ) 1Hz (> (jjUai (jijc. ^ (3xl0 18 N) Attonewtons 

■((Jjj^ 
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A_ILi. ^3 _jJ j£l ^txJI (jUaill (^ya^)C* CIjIjSWiaQ C* 1 ^ H^ol LgS j 

A-i^l^VutiVl o^.l^)il] (JjIaj L^Luj^JjojI iS 4^_iij^)ll -Sa-oill ^3 (J-axj ae-Lai^. ^j!i£lj 

A_*jii-J ^.Lja-o ^lil (^^11 AY^ cA-jjg ■s.o A_nj A£>^p. ^cjjj 4 ^ 111 * .Ajjj-saJI AjlSI^SIj 
j£-GJ . (j^A* ,\a\\ jyj ^jIaxjIiaII £jjJail ^j1 x.s-x'lW £jjjj]l ^3 l^iiu 4l«ll^. A-3^>^-<a-a 

^ ClalJilll o^A ^,Vn\ jj^i . 1 ^. J)^.L^. £-<a (jsljjllj jl 6 ^.J 3-iU*n ^jjJa L_LujI£ ^al ,W'u J 

GHz II (JL^-g i^\ Aij^Lall A-i^.1 ^ Vn*iVI 0£.!_ji]| (JjUaj (jia^)C. .Ij-Lgj 

jjja j jjJ ic.^)jaill ^ Six. (Avalanche) jU^jl j ^ jj* >✓* (JLgjCLoiIj 

(J^IjoII $ jjJall jjxjjj .ii^.j ^jjJa t_Ajail£ ^gic. a^IaaII CjLjILgII ^Iju • (Photodiode) 

^aLiiill j£-GJ C > \x ks-i ) Ij^x-iaJ l_Jjai£ j 4 Ajlrs jUl A-j\,Vhx)V1 j 4 £ jjJall 

(JI£joiI ^I.W'uAj CLi\A\j^j$ Aib jj£I 4(Jlc. (jUaj (jiajC. dll 2 Ajjj^j C‘ iL jj'^i 

dLuA_i3 ^3 A^q. > iV‘uxi < q Aj^jj-^j Aij^)la (Jjl <jl£ (J^I*^SI (jl ^1 4 p^)LujVI ^)-ld .A_ilkljj 

diil jdl (J^.l^ill ^LiH pjjLojj _^)C. jj ^,w"u J .AFM SI ^ dlil^dl 

Ajjjli o^3 dLaiLiiil A_A-<u-a-G (9.17 x'jl ^)Jajl^ A-JjojLoi^JI AjLli ^jl^lS ^2 -g ^S_ iSI 

1 8 20 • .. ^ 

. -^idll (JjxSI (_^j ^ a\\ (j^^SI Aj^_^-aj Ajl^ill ^3 ^^Ull 4 AjjoiI.aj.i's.SI 

LJflLia 4 j]aLuajj$£}| JjJI Jal\ 2 . 3.17 

Piezoresistive and piezoelectric methods 

^ * 

Ajc.jj]l Ag jtLJI dl jjxj o jAlIa ^ (Piezoresistivity) A_iIaijJa]l AiajlLall Ajl 
I jliil -^LlL-o CjI^I^s. 1 £-a (Bulk resistivity) aJj^II 

j jfLl > ■' Lo^jc. .(Doped silicon) t-jLilball ^jj^iLJl ^jb Ajj5 Lila* - >» a^ojILo 

. o j .i'-'l ^Xa AjLuXi]! AjilaXoll A^gjLLg ^9 ~jjx all (AjLolg G— 1 j^jIXq X dll j A^laXa jj 

jla-o Wheatstone (jjlXij ^ ^Ul djlLall ^ jltill Ixb SjIc. (j^lL 

ojLg jiuajS (Piezoelectric) Ajjaid jj^ll A.ia.1 jVuaVl Zf .\ jail CiLulij l. illaTi .dc 

t 

fi^jjlx. ■ " '1 ~' ^ ■'■' CXXld 4 ^JaxjJa j ^)^£]1 ^y*l 1 A_a-iii .^jlill 4 ZllO tj-^ 1 A_iiaxjJaj^)^£ 

i> AjjaiLoiVI AiiiJl .^lill o>^jj Lo-iic. Ajiaida j j^SJl Aidall ^ (Transient charges) 

i . ll."n l_g_jl <jiaxjJa]l A-g jlLoll j A_iiaxjJa j^)^£]l 4 lajqil^j A i-gI jV'w ,'.V I a^l^ill 

Ajl ^_ib 4A : U; , >. ^ ^11 A Ci at II ^Jl 4 al l Wi ^ ^X.1 Alijjj .^jlill AjjIj^)^ 1 1^1 ^ j!i 

^Ijoixil a^Lgjoj a£l: Ajl 4 . ' 1 U').. ^jl jdij ; j: -i. ^ ^ CjljUil ^ T. Jj . 11 
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tiillA AiLjaJ ^TiaSI AjS/ASjaSI ^aj\ jj ^glill ^xi£3l (Jjj3 ^ .gAaxjJa j^)£^3I 

l^j jjIj 3 ^Jj A_^.L^. Sa^C. AAIjlS ^aC. 4_iLaiuJa A-i^l^VuriVI S^A ^31 (jli 

* 

C* A ‘q nAVi Jjli ta^lcA djj^A ^glUl [£ jLolaII c > nxxn .^jU dAil^pil 4nlii Cjljjixj 

.La .1^. ^gAj a^j.W a MEMS 31 ClAjai^a ^^3 ^gJaxdaj^^JI ^ l^jVuxiVl 

Capacitive method Alijiail 3.3.17 

^j\j ^gAc. (Jj-£ 3 ^A <X_uAl (_)jA_ 13 LS^" A-i^l^Vu^Vi 6^.1 ^)£3I AaIxJ 

djIjjiJ! ^j-Q ^jjj • Q'JJ* x*o 6 j^qj ^gjLi3l (jc* A_L-aiiA]l ^^Ac. c'*!^ ^)dl (Jj-^^aj 

, I* 

<*_uAl (j! LaJj . ^ji J <*-uAI ^^3 dll^iiu £^jIa3I CIAa^xjjJ <_ja A^jLllIj a j'sqll 

^Ac. A-<U*j <Sj^ia3l oAA AJjaLa^. jU C<L-£ali]| 43 LoLa 3I £A l JxxlSc. L_bujljjj (_£jlxxlA L ^SaI 
£a (Jdl.li31 Aj^xjoAI A-i^l^VuxiVi as- 1 ^31 .£^£^31 j ^ALiII 1.1^. a^jj* x^nli a j^qll 

IAa Jjjj <jl 4_ilxJalij ClA A^Avs^l c j£aj Lmjj .Aajoi ^13 (J^)x3I CIuIj ^^3 djl^iiu 

A-i^l^VuxiVi a $.1^31 (Jarvi c CllLii3 j^^ll (JAa tluljj$£ <L-a ^ a 3I AaLujj^i (jli C(Jdl.d31 

a£.l^)£l3 AJjaLujYI dll JJaII (_£.l^j . (Jl^. A_ll_J S iSaa ciilA (jl£ lAj l^ij£ Lj-ldl 4-1 jJLja3I 

AjialjAA]! a_iLqI£j]I MEMS 31 a^-^l L^aI . w'dil ^j£aj Ail ^a Aj^-uAI A-i^. 1 ^VdiVl 

^Lqja!>IA S^jAaII AjjxjuJI dL^Lidu .4jjLix-<AI CMOS 1-i^.^I^Aj £_a LaLaj 

.NMES — S3 O-^A. J£jA :ic.l jll (Electron shuttling) j^l UJJ^V'" ls* 
l >aa^. ^ Jj£li ^A3I (Quantum bell) ^'^j-aSlI J] ajXojj AiL jlAI 

.(10.17 lSAi3IJ Ja*jj Lij^xa ^Uia ^Alil 

AjSjUSja jjSjaSI CjLua^aA' 4.17 

Performance of micromechanical sensors 

c£-l^)A31 ^ (,)ax31 c^Ac. ^a ^jjluJI ^aSa 3I diLai^A a Ag a A^ia ^jl 

^^3 <1aL*AI j ^aSaII ^^gAc. 4_Ajlii31 dalxxi^ a\S 4_u!a aa3I CjI _);1a3^ ^ a^.1 . (JjI j-^AI j c da! ^)lx3l j 

i (JIJ^aSI C ^)^la3l t Jjjjll JJjj) A_il -n"i x A djUajuj^A <3tJ^)V ^ C5^ AiaAI 

^jC. A_aITiAJ AAaI S"lA djl-A^Lt_A ^)A^J (J (^ XXlVl dlS^ll ^^3 AjojIaaIIj ;Q aJ^^Al (^JaI^* 

^JjLa AaIVAI dj|_jjj\j ^__pa idj clA3A ^a . A-aj^ a\1 j ^jxi^aSI aAjLi1a3I CjIjjjIAII 

^Ia 11£ tlc-jjLuj j^A' ^gi AAL^. ^ MEMS 3 4_mj^)3l aA -s'uxiVl ^ja 

AjI j ^U3L AijlLJI dc. ^)A£ A_jj^)aj (Jsl Ijj^j ^gA aJjj^IaII A_j 1 Vuxil (JIAia 
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iadll ^3 (J^juaLill V 6(_£^kl A^_i. (3 -0 • £■1^31 (JaIxJIj (j^^) A-ll-^> 

(jSLJI Jadll ^3 aIaIxJI ^jljll CljLui^-A ^jli ^aJ (3-°J *-iajuj^]| A^.j^)] ^gajl 

i * 

Aj^jU]| Aj^jiI^ja'I AjjIjaj^ jd^JI dl jldk!>U dL-alo ^j-ald (J£jd AjI.1^. 


^}3jJ ^j| Ijj^fLiA A x u^ia\ 1 ^jl^ill AjI £3j1a1I ^ja .^^kl A_nia dllnJajj 


tAjjlj^iS (_j-al^aJ ^)A^]1 L5^~9 '£3^a1I C5^" CiS^\^x!lxM$\ S^JIxIa A t^'u 

. A_ia. ^1 jj^iill £_j! jaII Ajj-I^jaj^ j i Ajj\ j a f \ j 



— II lit Jaju .dj^Lajj <iLL JjS j-® ^\*sia\\ "^J^il (j-u ij^il" 10.17 JS-uJI 

j-^j^l .^jIaII jjjo^VI ^Uaj S jlu£U !djd c!>ajjj 30 MHz NEMS 

.(fjk Elsevier jAUI jb ^3 L 60 


tA_Jlc. A3J j tl ^jdido £_a 1 4 j^jaIjjJ) AjI V'n^il J^jlj dLaia-A jj 

Aj^) 'll *\ \, a a II A aJ-ViV I ^ja ^pa*j l^_al . Aj.\}M dal ^i*\a11j Aj^jULo Aj3jJ^I ^3 d^Lj^j 

^jjIiaII (Jjiuuiill dlilij (JLadujlj AjA*\a lg_^.tijj ^j^aj ^3ll JajoijVI 

tpuil d U x i-kA dl jjA JaI£ J^jLd .4-pJifcll (Micromachining techniques) 


dl^jb £a aIaK'Ia dLoia-All a 33 x11a o^)jj£ A3jda ^^3 Aj3^)ill ^^Llll dVj^-o L_iia^jjj 
Laj^fLiA Ax u^aII ^jl^iU A_i^.3^dll AjjI jaJI (Jj£]I j . a 3^.1 j A3l3j ^lc- A_ij j^lfl]| 
3xj . A-uVuIaII <_ja Jfll (_£^)l^>^, dij ^a lA3j^>jjj 1 g n^d (_j£aj dllil tldk S^ixx-a 
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i Ia^aC. . .Ill j!il' 6 .lie I djLjlx] j I <xj^)joi]I ^j-aL-allAV I CIjIjSa* \ 1 Aii-o ciili 

j ciA ^aS ls ^AA\ IgJ JiLo V MEMS — S' ^Ua ^a.l9J 

4_LaLuiJ (j^AJ . 0^)Jj£ 4j1\jajS ^4 (JjWlS 4aj1^1aj AJjaLaI^yS' Aijlij 

.4jj\_]a]| (J^^a .llxj' ^j>ajqVn Afr&\\ AjuA ja*y" ^9 ^^.Ha .iLp^)' £a ^jlj dj\ >a^ ^ju/n"i 

<iAj'j ijJjJasi 4_iaUa oc.li£ ^1 NEMS J] MEMS q* (JlaiijV' l£^j! cl)' 

^ j’uAl ClAj,W‘4' C iVutlJ V' l. ^~YJ i A-jjalUj,)^," j\j^_j'j 4Jj-£l9' AA VuJ 

.A-i2k' j Vu x i V' S<4 j^S'j NEMS 

Jc. o^V^a" j t A-illiujV ' j c A-iuj\, AXILS' j*^a '^)jj£ 4 a£a 1' L_li'^^J' ^jAjJajj 

Aa!1*J cHjLuj o^)j)3^a" CIiLui^-aS' (jA AjAiiali]' AjLula cJSxViJj . .Ill j!il' ojlcJ 

(JIa c4_ijl£ij' aA VuJ da'j j' jia' ^Vu J MEMS C^U^aS AjjIjajS" AjjliiijV' 
(Biological ClAA \*L Uha" j' cljj'i A* a-ya" 4jJ)L^.V' djlkfLal' j' tdl'^AJjJ' (jiaxj 

(jjqS’^A ij^^} MEMS djLoia^ Ja*j J cUjLa tilli j^' Ia£ i^j^Aj .receptors) 

AH^jjoiaS' CIjLa JJ&I1 j (jjjjll .1.1 jj Cli' jj*j ClaLujUa ^Ac. ^Ia"ic.^/(j ^jjjjl' LaA 

a^Lui^ j^aA^-L Ia-IIc. j£Lail' JaAil' AiiLlal' (Jjj^j oe.li£ .l'.ljj • n'l jjIIj j'jjaVIj 

JaAjl' ^^9 '.la. o jj« ksi jiajlj Cllj'jJ £A cJ^ 3 ^' ^5"^ J^S' ^'■^‘'^i' cJ^qj C^aJ jaj *C5^"^ 

. cJjxjajS' ,1Jjj .llj.lj' £a ^ilj j]' JaAjl' A-LujI x*i^ Li^jj.1j .l'.ljj t(_£j^.' ja 

(ji j j3t jj jj AjuaSI AjjIIaI' A,lujLua 1.4.17 

Sensitivity of the resonance frequency-based approach 

'.Iia \ c. V'iSa (JSaaij C1iuj_j^ ^3 AIi^jjaaS' Clj'jl^_^.y' (j' d)^ 

aA (1>a^ '^ c * ^^Ja ^j' V] c^jLil' djLoi^A ^ja Ai^x]' ^^9 AijUal' cJjjV^S 

4_kJa^)lxS C_a3jJJ .^1^,^]' (_£ j!Laa Ale. 4 \*iSSS 1 maiVi cl)^J^ CJ^ - *^ 

^_j£aj c^jLil' jIxj' 'jjja’n .o^lAiS Ail!i£l'j Ajj^aS' ci- Q '-*-° cs^J (_5- uj *^-S' ' g SS ^i ^jS-i 

4_Sj£ .(1.17 cJSxxi" GHz AxjJaJ Hz S' CjIIa ^)A (j' 

i A \\x a ^S-j A^Iaau Xic- j 4_Jlc. Clj'jJjj 4_Jlx!' ^jiajU' du' jj ^9 ' jj c4 m a 

cJ^ -4 ^ t ^ jIjS' oJIa ^^^-Sc. Aa\c-AAj .^Jc-V' Clulj jj^a9V' ^Sill 

^jl9 ciiS^S .Cljljj^^iA 4jtjJaJ ^ja (J 3' ^jdiS' cJ _>Sa cGHz SIj 4_mj^j 

(J ,u,iViS' ^ AjAaj ^ O^c.' J 4_iSlx!' 4_mj^)S' Cli'jJjjS' C1 j' j '^. a^u^q" ^j' ^ iS' 

0 . 1 c. 
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CjLLluij^I (Fundamental frequency) JJjjII A j» n ^jc. jnxMl 

Jc. ^^gjUll 


f 0 = 


(6.17) 


2p(0.98)L- \ p 

^j-Q SjIaajI ojLa]| a_1j£ o jLq Ail!i£ p cii 

La£ ajjIjojVI a 1*1^11 (j-o j j 

fo - fi _ Sm 


/(? 


m 


(7.17) 


oj^a-oll LaA mj 5m J Jljjll ^jJc. j LaA /l J fo 

jlill .lie- *C 5^^ 6 £ 5 -^^ AjjIJlajVI A 1 * 1 ^ II j 

.^jlill aJx^II a \\*\W jIjjc-VI 7.17 


IAJDUIj ^Ij A_Jj£]| A-ijaiUti^'l 


lim 1 Af _ 1 df 
Am -^0 f 0 Ar f 0 dm 


(8.17) 


= bm/A) jig >'l (j-o A 1 ? /in '1 A_^.LuiA A_xuiillj dm j Ar 

A ( 8 . 1 7 AJ jLlaII (j-o La£ 6 A-Luilm^dl (jj . ^ A^Laa A l‘* 6 Ar 

Jc. ^niaj J±i£, . a" A_1j£ AiljJaj £_a A_mll (j^j ^ jjili]! 

.* 

;l^_jl ^ n 4 y.'l . ■■i-v \\ . a a <1L^ 


S 


m 


1 Af 

x — 

p.t. f » 


(9.17) 


a\ ‘/o (jl (jl . ^IaaII A^Laujj Ail!i£ jail ^ 5 ^ taJPa 

.Alijj^AJ^ aJ ^ lajj Aj^LqjoiJj AjjLa Ailj^j ^Ltjj 

ojlc.1 £-o .1^_9 joi£ ^j£aj A_1j£ ^)iu-al £gj\j j^-al CjIjuAjS (J^-uj 

UAJ^j ^j£aj l aLIS ^jLiaaI] A_i^Axuj Ailii£ (Jsl ^jli 9.17 j 8.17 AjIj£ 

lA&bdL 
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( 10 . 17 ) 


Ar ■ = — X^IHL 

min q, r 

Aj=JaxJI 2 ili&U JaJI yJjjl' (^Ic. U* A/ min J ATmi. 

. A_uixo^J (_j£-o-all 

Clalij^-a o^xj ,j,u^M 1 a 1 n^j ^jIa! ^xJI ^jjaxIL 

^3 <jolu^j |jj^4 0-L^jJali) ^)Axj (jli t^jLll ^jxurfVi A_IL^. 

!<3^L*JIj ^g. 3-iarj A_l^Jajai]l Ailj^]| 


Ar=8 2 jt 5 kk B TB 

V foQ 


( 11 . 17 ) 


lJI j^JVI Ajjli-a A-lujLu^ 2.4.17 

Sensitivity of the static deflection approach 

^^3 (JjJaS-o _La-aj tliLLuj A_lSj ^liail Lo£ ;^l^!LaVl-J (.“ 1 Vun-all £^jlj]| gA Wll (j] 

a\x> , n Ajli Li j^)fLi-a Ax \ksiA AjLi3^ ^gjl (JL axj-ujLj . (JjI ^joiII ^3 £^jLill (J-aC> 

^gjj ^ jJ-ixtill ^glc. ^jl^jxal CIjLiLoxj 4_IaJJ^)-a]l ^jaj La <9AXjJall L>° 

CjIa j^Tn j ^l^i-aVL AIi^j-uiaII J)jj*a'l VNJ .<ljg <LujliLa CllL^.1^1 

^gjll j cA£xo-uj Aj^oJ^j A-iLoC-l ^ Cljl^ixlill (Jxa 6 Jax*j jll Clll^)jj\j ^jC. 

^Jajaill -Ag.-Q j ^gjLil! Ly^ Ai£}LxJI ^gJaxj ClAAjjjjj ^gJj 1 x^ijl 

iaJjxaII (Stoneys) aLU_aj 


A 31 ( 1 -d) 

Az = — Aa 

Et 2 


( 12 . 17 ) 


^-Lxuill j g> 1 w 'il ^jaj a jLi 4 ^ aJl^Ic. i^lLiA 412.17 aJ^LuaI] Us j 

lisll 


a^)^J! AisUallj cG t^Jaxall -LaJ^) ^j£-oj 


61 .. 


c = y+ 


v 3ey 


^J^^llLai AJjLxA (JLaxllujlj 

.AJlAxJIj ty t ^JajuilS 

( 13 . 17 ) 
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(Jlxijl da. A-aALuua (j£-aJ tdjVl-^31 3 -o djdtJI ^3 ,5s = dA/A c^Jajaill Aa.Lai>a 

.^Jajoill jl^jaj ^9 S^aJI AiUa]l ^9 LujdJ (_£ jLujJ ^aJ (j-oj c^JajuJ! 


(jjUJI cjluia^ CjUj Jai 5.17 

Applications of cantilevers sensors 

Gas phase analytes ^ JUU1 jjW dj AAladl Jljdl 1.5.17 

(j-Q lda.lj djl.ljj (J^3 (j- 0 (jC> ^ ^531 (jl£ dil 

djldl^j (j-o (jl da.j . A_ij^£jaj 3^3 CIiLoi^-aI ^ jVI C1 j\ AMI 

(j^jj^ ^ J^y CjI dm di Ua 3 4_iHa^ 4_ij j^joJI Clllil^jaJVI J (jd^ll 

% 

dllg-i. (_£.la.j (^Ikj Lo-lic- . (jja. j jliill ^ J^la. jlc. JJ L i\ (30 (J.g m 3 ) 
* # 
d^A *^5 .(jjjjlt J] a >/i^ ^ill Cyj ^y *^43 6 3*^^ Ua3 

^£. J £^j 13I 6 j3 lIlAj ^Jc- JpaaII (JJjjll Jjl (Jjjsllij La da. ^\\ Ajl3 jIaII ^iC* A nil 

(_£jl ^Da-all l_ia^ 1I ^-o <3^3^ cjc.^ 3I ^LiHuil l$ y^- ^ ^-aix-all a L^ll 

JJj jpUSI 4_L£ ^ Ijnd (JJs jLi^jV A yf\'& ^jlill (jjjj ^y 

.J^jlill S j3 lIdIj ^ 4_i-aAl jj£I 

S «nc. c__ia 1]I ^.^Ual ^^^L-aLio/ ^gj^£-ujj ^jLiill Jaxull djLLaliujI (J£i iy y^- d^ 

62 

^ .2-mercaptoethanol J jjll:) jjj 1£ j^— 2 a ^ 1 ^ i j c^jUJI jjUI ^ <11^ 3 j* 
<LjaL<di ^^A A U^aII S^Lall 1 g : Wu*n djlil^yaiVI (jl (3^ 6 3 • 2 ^-11-^ 
C1jLuj1_i 3 d .LaAJ AjU^-qII AFM y *^3^ (J-oxl 

jLlLo (J^] U 50 (3-° (JSI 3 jSI Jj 3^1 jjI j2jI£^1a S^2kJ 

Jadi ^ a 3! JLajjl! ^ill d jjIxaSI b Wul (jl£ j .(p art per billion-ppb) 

0 ppb u^ 3 jS1 j 5U yr^ ppb cJ^ 0.432 nm Jxo jadVI 

. 400 ppb J) 

^JjVl JLiC-Vl ^ (jtliAxdlj La .la. ^J (jlllllUl AjjlaiijVlj A-LuaUa^B A-aJ*J 
l_iaHI t^llLa . A A d 'i djlg.^1 ^-lalLuixdl (j^lx-all } (j^ajl ^gic- ^jlj djLuia-Al 

jlj 3tLl£ jx<d! Ida. Aillc. AllilaLouS dilj 6 1-3 J ^.3 1-^ (J-°^ O*^* -0 

4_ljljj^]l (jl .(-SH) (Jj^)diA ^iludl (j-a 3^ oda.lj *^_> ,Q 3 ^ djlj£^)-a]l (_^l 



^ ciSjlixJI jl *jj.£Lil ^ q ±^. jj-ii^i] aJIxJI (Solubility) 

^3 A U^^ll jI^aII ^a ^j^jtA Cljl^^yUa] (Jc.lij ^211 (_£^kVl CjLiIVI 

l_ia2]\j A jU-ia 11 ©AiaJI AjjojLu^JI (JIaxjjjjI UL^V lS 


dll 2 Alii L_fl£ ^ ^ <lijjalA (J-a^A ©,l2k,J ,\}qV‘ll tL-lijjjllj ^jj^JjAi^JI J Jjjj^)3l ©Ldj 

^ . Jlxj qC. L_Llla]l <x-uilj ClaLojLiij 


ajjiI^aII Jal-AjVl V Iaa^.^ 4_i^dax2l dil©.^Oall (jV ^ 

(^jJa^A (jl£ LajLiajS Adllijl AjjjJac. djIilLa £a (JjAtJ (jli t dal qjjAMl (ja AlAtJI 

A^l Aj^Ia^j dll All (Jl 3 j_ja L_L^aj Ia£ <J^la^)]l <_ja^a (jl£ .©Al.lC« 4*nW dlLuJ^p 

^jl^j ©.^Ua (£ t dlLail ©2 a ^3 ^.AjjjJaC. dll©.^Uai jVI ^ilill CIiLa^-a 
( ji^Ls. (J^l^A (JAA^Ll ^jlill 4j^j| *^l (Jx (^112 J t (jj)^jh*ill Al^ii (j-°AFM 

Aj^La^)]| ^>a ^jjJo^aII ^^lill 12 a L$ 1-Gdc. . ^jW^aII ©.IaII ^^3 0.1% 

^.W'dij . ^jd^JI JJ_ji ^ jLpjli aIsIjja J^jUU dllii jaJl Jaa. t^cjjdlli ©All J1 a]I 

4_ilax_da 4 aj12ai A.i^.1 ^)Vdil ©©.1^)3 dll 2 ^lll^i Aj^Ja^JI (_ja^a £^li] ^}dl 
(Ja ©.^J^£ A\x y^A <_£^)dl j c<l^2a^)l] 4 _ujLa^. ^j| jA Ixa <jL ^i-GjAalill (Jax^i n ^.A^aAi 
c200 pm J jlaj jjliLaJI ^axjS\ / ditkiLall di!2 diil£ .(jjddj ^a^. 

.10‘ 6 mrf 1 ^jA*a ‘AR/R t^dlj^il AaaLa^. £a 1.5 pm aSX^j^j 50 pm jiaj * jj 
^jjLa^JI^ Jadill ©.^Lla AiL-iaj (_$ (J x-iiLa ^a ^^x-uj ^1 AklLujU 

©jIaII AlfL ^-lidjl j3jj .(Photoresist) ^ jjJaJlj © jaIua ©jIa ^ja 10 |im a^Iajaj 
RH% AjauLiaa Lu^aj ^A (Ja^-aII CIjIjIVuJ ©.Ia]| ©.jA^allj ©^jaLjaII 

(jl ©jl^pJI LjaJjxJ ^)3j .60% Jj 2% (j-G JU-olt 

.©^jl^aJI djLujLii] \ 1 ^Akllujj 

65 tSAW A^LLall CliV^^-A ^glc. AauaII A^LiaJ^II djl j>i.rYA\\ <^jLaa 6^)jAsaJ 

C1jIj£^a 1I ^jjij jjjaM' ©j3 j!1a j <aiikA djl^All ^jj 4_ilLaA jjSl 

jLil .^Ij^JI ^ aIIILaII (Volatile organic components - VOCs) © jjILlIaII Aj j > >» , ' I 

<Jjoi <3J^)IaJ djI^jLoiVl i^^y^A C n«\ ^ACIa ^j*i^,a ^©j!>Ia^j 

^jI AilL CjV j©a AljUj ^ja (Time - Multiplexing) ^a*2a 1! ^Llalll — o-gjJI) <aa\ 

f j^Lq ^3 ^jja^.La 1] ^lAAsalill 12 a ^uj ^.c_alli»A ^.^UaJ (J^C. ^3 \ g 'ia (J£ c©J^)iiA 

^ e 61* • e 

.aj$Zu . a A-jS-ljlS-lx^jl ' 4jJjfiill AlUall [_5^lio 1 _j-a " 

(Poly methylmethacrylate - Cj!>Ijj£11lo JA“ Jjj t> Cjl^^Ua ^ bVuu l tjj*. 
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^9 ^Ldjj A_ixj dLujl^)dl {ja < _)^~ iX } Pt ^>aV 1 i41,^j cPMMA) 

dljlVuJ c. ^PMMA e-^Ua £-a (JLaxiiuAj . ^jl_ill dl 

^gic. jl^&Vljj . ^£jolll dl^d^lj ^ Aa* 1 ! ^j-Q (J£ ^9 dV (j-Q AIaU 

jl j£joJI dl^>dVl dl^du dul£l f .\ jjojj AjI .VujjVI dljW \a JZd dlij^ill 

. a ql'A a!1 J jz£A <^\ ^jl Qll J)JJ < q''| 11 ^j^AJ Al'J J±1 <jd^)ll djj dl^jdu 

A_id^)a- (Jj^^ll <jl Aida. £a A A^^Ldl Adlid^l iaj^) LjjLujI l£ tA-ll-^-ll dAA ^9 

jli (did . PMMA £ ^Ua A ql'A a jhfrnl dV 4 xa 1-gJ A_aiia»A AjLU^y^. ^_d jl j j A ql"A a 
A j^A'dl A_illli]l o j)a*vll A ql'A a Aj^ajI^J dls.^L]a £a a24xliA Add* a ^al ,W“uJ 

o^xj A jP-iaII ^jl ^ill J *dl . ^lill Au^Ia ^Ic. jl a'IcVIj "^luuill L_ajW ^J^IaJ ^ 


jld_jjj jJI J t^jj^)jllluj 6PMMA (Jd* tA-ljg o^)9 jIa j AxjUu dl^ul 

dd a£^)1iAa]I jl \ g 


^ .Ac. jiLall VOCs 11 i *\\^.a Jdd l_ii 

JaLojl ^^ic. A_ic.llLaj^aVI (Neuron Network) dUju^>«ll Addj l ^jAjAA\ JJd 

L_dVl ^niaj ^lad (_£^>a. clj^xul A_1.1 xa oA^£ ^jI ^ja dllida qa ddl y"u^\ 

qa A_aiiaA did {jii I _JA^a1 Adlidl Jaldlj ^jIj dLuia-A jl£dl A_ixJj • ^g-C-1 

6 j^^'l jl Ij^jLuoj aJ^jj^aI! A-i^ic-Vi j t (sol — gel) Jjlx-Q Cjlp^Ua 'jjl jl^.j cVOCs 

pU-t^lxA A-iuic-l Ajn^jj dj^yq u*ia 


^xj^Ual A-ijl-A (Jjlla-A (JLaxHujIj 600 nm A^Lo-uij Ajjj^jU*) ^jl^j qa ^.1 j a^.j c. 

i 42 

Cj|j ^jI jjll CjAiI “.^IjJI jAjj (Organosilane precursors) ^jjJac. 

^ ( J jjljjVI tAAiki VOCs 0 ^)a» jV AjL^JjojI frl W 'll ^a^lA — (3^*-° 

5= 5= ^ 

. lj u*n A_x2aia-Lo A_iila9 (J 9 I djlj ^*a oL^j Aj_jI_ixa] 1 A-iujLcoaJI Clijl£ clh^ 


(cj^j) jl ^ j^-uj Ja-dj ^ Aj\ V'u J ^.W'u^'i CjI >a/i ^JJ AiUjaVlj 

^jl ojIaII 0^ t a W*\a11 6jIa]| *A)aV 1 jl^ a ~njVi 

Aj9 jaj^ Jc.lij £a Ai^l^j- 4 ^ A \x xJa 6^1 ^^9 Lljl^ixj Vn 

I dal qji AMI jl ^ . ^jl-^1 ^-Lajuj S ^)ia»A j A 11^ a!1 S jIaII did 3 ^ 

a^.1^9 £a AFM ^-^Id *dlAll ^jIjj AW^. ^ .o^Xa^j Ig IVi ^jA-uidJl 

AiUdi (j-° 1 pJ (Jauai*sM 1 t Aj^x^aall Ajl91^)11 A-IsjujI^j A-I^.I^Vuj.iI 

^Ic-I A_1 ujLa^, 3.) q Aa (J^aj -A- ixjJa ja1\ 10 5 K d!)lllkljj Aj3_}^*^ 

(J^)xll ^9 ^x-a J/IjUI ^Jjd j ^ja aJ^xa (JIaxHujIj Ad^Jall 

# ^"Aj 3^>^-11 dljAlAll"^ AaC-IJI A) 11 A_La-uil]l C)±t 
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^gic. Si ^^.^ aII aILCaII (ji A’n.wll \jjLuJ_ji Ij^Jal Cil c^Haa]! (Jjjau 

Ig ulalVl ^j^AJ (aLjuJ j! 1 a A£L<UuJ 100 nm Aij 3 j ClU!>Ua ^£. ^jI jj]| 

CiljiVI y (jjia. ^ j .(Calorimetric Spectroscopy) Ajj' j^JI AjjxjaaII a^LAa -Laj 


Vj i AjjIjajS'1 CjL^aII ^ja A3i jj£I CjUj^)xj ^^Jj V iS £^jlj <^lc. AjojoijaII AjaLJa-all 
.Aj^)I^)jAI A-isI-iAa! AjLjalij S^)i3 ^la aJ^jI^Ia o^) 1!1 aa (Ja^, ACl^Aj ^aiiij Lgil 


JjLuJI jjWI CjIj AM^1\ Si ja!\ 2.5.17 

Liquid phase analytes 


^jlj ^jic. ^ \\aW j (JjI jauII ^3 ^gjljAjSll ^jxuaVlll ^ jVI JLttC-VI C ulAl 

ciul£ * JlfuJi (Jjiui ^ic. . A-i^.1^jVuj,)VI AFM jj^)j AjauLis AFM i 

J^jauj IaI.W'u J jj£V I A q\“A a AjjI ia iS j^jj Aj^jIaJI (Alkylthiols) aJAIVI CS)! j&\\ 

g.1 jajS (_£^}CVI (Jj. Will t.. i\A*n . IjAi AjIAa ^jl^il (Jjixli (JaI^c. 1 c. V‘iSa 


pH ClLAVuJ (Jj'Vl IaCc* .0 jA \A ^ J) ^aII A-lidC-V ijA^ljj y^LluJI AluO^I 

(J^kxA Jajl^j .1^. j ^^cAjua! J A_i1iuj£j^j.1iA ^)a^)j c ^ ^j^ia^i AlixA ^jl^il 

QjJj^}J ^1 Jjl — qjJ AiLjaLj £3 jIaII til jLJ j A_uj^)^all o^jjIxaI! CjIjWia 

^ l$J] jUaaII pH CjLUCJ Cj jjxj .^Ull ^> 1 =^ l>° (Deprotonation - protonation) 
.pH — II JL^aj ^ jjj a-^IUaI liaj tillij c50 nm/pH 15 (jA CjUjjVI 


tiiL ^jli Cill >A.al AjA^IaIIj t-_ll -nC.^U S^Ij! _JJ^VI S-liVI CjLujIjS (_pax J 

^jC. oj^Ia^)j jlCI cAj-abk D^)jj-aJ . A.WqMl ^JjIjlaII Cllljjjl ^jaxaCL AIIxIIaII 

A* a^a AjI V util AliLa a ^al . W' u^iIj Cs + CjIjjj! AClaCVIj A_1 aoLoi^JI 

% * 

t_i£^A ^al , W'n^ilj ^j^*\.a1I I AjI Vu*iV I Aajla Clij^£ . ^jj^)^JI L_fl^)xlill Aa'i ^ja IjjI j 

(jA AA^-jJall ciilq'^ll j Calixarene ^jjjU*iSjlKH <j ^ ^ a-nj l_jj£jj!I Cjj^. Jj^Laa 
aLIjj jl j3jj — SH AJolij S jaJ aJ j Crown -ether Macrocyles ^j^VI CjUcill 


Vl (j^AJ t AijLCIujV I AiiiLa AiUa ^al , W'u^ilj . t__lA ^11 ^ ^lajoiJ ^^^^jLaLill 

A jIAaII ^ilill CjV 3 ^-a (JjAxj Aic. .10 7 M 10 ^ (3-° ^)j£l^)j (Jl-^Aj Cs + CjIjjjI 

jjjI£_jja — 12 — l)^] ^-^-1 O -0 1^1 ^ Ajla^-a AjJ|_^.I AjIVuJ A^jlaj IjA 3 


L yia^o liill (^j^. ctriethyl-12-mercaptododecylammonium bromide ^jC^a! 

j^a ^jqVl ICajI ^aII 11 a ^JjujjJJj . Cr0 4 (JA 0^)JXj-a 


649 



Ajjlidj! djla±LaJ 4_3.1 aa ^j\j AiLLa dj V ^I^V ujAj C d? + (j-G _j\jl CIjIjjIiuia] 

(J jJJ <LaiLuj <j-G (j- 0 Idlj Ax-g^-g AjjL^.1 djlilia <jl -l^.j Ai3 ^^.\jj|j A x a~n a 

AjjHaI! o 2& ^al.WuAj ^j^aj .Hg 2+ dAj jdl£ oL^J ldA3 4_ilIaA jj Ajjlijjl <Ujjia 

cNa + iK + :l&-° c£j^ 3 djljjjjl£3 ^3 Ulu < 1 0 11 <j* JSI Hg 2+ (j* (j*»** >V3 

.^jUII djlaljaJ J j5t Vj Ca 2+ *Cu 2+ <Cd 2+ <Ni 2+ <Zn 2+ <Pb 2+ 


Biosensors 


4 jj^I CjLu^aH 3 . 5.17 


A^Ua (J (_£ jJ^Al (J^aII ^ajg 3 a 0a.i 3 d22 jI^aII ^ja Sd^.1 j dj^liiujl 

d n/Vn ^.6 JLg 3I ^dUj (_£j^}fLiA ^jUI ^3*31 Aijlill Aj^XjolaII A-ijoaljA^Jl & J)JA (JA ^jU3I 

Luijl tljAj ^ \Aia 31 (jjSjLAl dJ_jaj (j-° 200 (im ^Aajoj ^^ic. jj£^3x3l 

djl_ilA*13 A yjv \ ^jIa Aajaij ^^3 -3^” ^ _>^^3 L-j\ Vu *il (j* ^/a oj^Lq^j djldjlj 

jjc. <_$ j»J <ajj3a <_$ 7 I gWn . n ^SJI (Exoenergetic) $ jl jai3 Sj jUa3l 

. IjjjfLiA AIxjola jj ^al , W‘‘u Aj £-1 ^jl (j^i3 cl) -0 0 jdlLlA 

(Force Amplified Biological Sensor - Sj£ ^ * >ia jA ^ jjLJI ^>^^31 

4_jLuLa Jiduj . ^_£^3 ^ dtij j-ii* a JL^a ^jAjJa Ijj jSja (^JxjobG ^jlj ^a, W"n).)l 33^ tFABS) 
Jad^A JjIaVI jLilkl cJj-g ; Aj, N ij3'q"ill djljldd.VI (j-Q 

^g ^gic. FABs — 31 Aljjia <jji 6 (Enzyme - linked immunosorbent) - ELISE) 
^ j a (Magnetic Beads) d A.i^ ^l.^VuJ td!3j ^-g c<j j^x-g A^j^- 

<-g^_a s j±A d3liA (jl ^jajj ^i3 .Lgjoij (Fluophores) Sjj3i3l J-gI jak jl cIjLgjJpVI 

A, \ nda ^jj^ILg ^^3 l^Ilijl£-Gl ^ j Aj jj^ll CjljljlkV! FABs Sijjial 

.Ida. 4dia-a Ajjaa. CdlluJ Ajlil] 

g- _jill J_y& AJdLiLoJI djjjaJI dll jjjIj]I i. o’" 1 A ^ oljjjl 4-aj tUjjda. 

i. i.^'i...l . £_jjlj j 4 ;<;'iK'^ diLLaiuil Jl (Receptor — Ligand) A L;;j — 

J!>La. [73] Jjj Ajdl^a.1 djljjiu ^ -NjV) AiUa djV a\ AJlc. AjjujLoi^. oj^Lgjj CjIj 

.4 JUxiC. djl . J^aI ^Jxl^kA ^AaC. 

^j*uaiV^31 ^3 l^jlljUAjj l^l\ A3lAa dj^ j^k a! 0 J)\1iaa3I AjjojLoi^JI ^jg ^aC.^)3lj 

(jA kf3i^. (_>^3 Aa*i ^jls 3 -ijjj — J^u.a AJ^LiIaII dal jjj\213 ^joiLia3I 

. Ajj)j*-k3i dal xdi^k a\ 1 ^j-G ^'l_^j!A3 ^j!Aa 3I jl jilujVl djlsl^a-jVI 
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J CluLii A^.^).Aj AIi^IuiaII ciAal^^jVl AiLjaVLj 

1^. Vnl^i <ailk-Q ^ jjc. JjIaVIj 

gpjLiH Ij j^)5Lia Ax u^oa ^jl^j ^iVuJ CllLLg-^V 

(Immunoglobulin G jJjjjlxil yf- J 'Jp*V Alai ^11 ^c-kxJl .al^) 

c>» (Bovine Serum Albumin-BSA) lSJ^ C&*y^ j (IgG)) 

1 i ^Jl jHI ^^ic. t _jl ^)1 a1 ^xj Ad^Jajuj 3-iat k 's\ j Ajjj jLgjaJ dll ^iiu A A^^Lq <_£ . L_lA HI 

ojjaHij L-lijJajjll L-^LiV^M .BSA J IgG 

a^jVi ^IHI 1^. aHIxII aaujLoi^JI h*i V(j . l_aHI ^Jax*j 

CjLip jjj/'l — \j_jj^)jjj Ljj^. 1 *h^a Ujb jjV J-* ^ jjal n.^1 C3-^L>^ 

.(oxLDL) Ho£jH! l^Kd j a ^Vi a ' I Aili&ll dJi (Lipoproteins -LPL) 

^A ^ic. A_ii±A Ajjj^. CIjLui^-a S^uaa (_£^}dl Aa£-q A Jaq'i Ad 

(jj-sg'i Jj aj^Lajj jd^a jLujl .DNA — li tjjlv ^ 1 g q n)v A_iLta ^jIa^j 
( j-<j ^l,w"u.i(j Lie. l^-ile j ^Lui^JI (Oligonuclotide) dl-iiiijjK jd]| 

^GVu J CjUjHI oIa ^a . l^jlal^dl ^l^)Vu*)V Aj^)a^j a$l_ja j ^AjqjAj ^jl^j 

L^n n^iA c* \aa)>s* c500 pm 1 pm a^Lajoij aIiLj-uia A-pjjSjLh ciil <pL*o 

l_aH 1 g)A AAia^j AliLa C* 1 *\ a**i ,£cj^)j^) IBM CllL^jl jn~\^ g_a Ijj^jfLiA C* \x u«o j 
(JL*_a CIjI J ilijjK jd jW Aj ^VL c." mTn ^jI j^\ (ja -iV j A^.j Ax_*Ja 

aujjjK j±i L y=x jila ^l. w’nJ ^ ja. U:uc. .(Thio-modified oligonucleotides) jH 
gH (Complementarity) ^Liillj J-ol£HI ^ <aiLL-o cIjL^j^ ^ I^J>=k jJHc. ^Jj! ^ 
^I.'iVhJ g|J . Al^. J ^^eli ^J_j c3^HaJ (J^joU g)*u*i Vi i ^)1 y’Al 

c LL j ^ sda^o LaAA^.1 ^\ c^jlj Aalia CllV J)*^^ L^° ^ 

J) g)>iqV \a$ a (J^joi ^a AHjJaliHl (Jj'V j c(Blank) 

cA_ilkll ^LHI J^ajjj cAjSj^ISja'I CjI jl jliAVIj a^.jH aLlIjIHI dil^iiLllI 

Ajc. jill aI^LiIaII clinic. liHl Alai jHI Vi(jlyu^!>Ll Aja jjj j!i£l AjL>»lij ^a jj ^a iJLilljj 

• aHj^)^1I — ajjj^JI 

o ja tpH Alii lg_j ^SVa A^^V Ja j^u (j-QjJa 

Lia'iII i^a A qV’A a aLIIIa Clj|^)jjlj C. l AjojIaa^. ^Liuj ^jLj AaLLa (J^^-a 
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j yi jUaJ ^a^C. JjJJaJ J C"^ . Jj^)aJI (_£ jJ^Jl 

^ e 51 . ... .. ^ 

Ac.^a^-a 1 I CljjLil S J! 1 uia (3^Jj A_ilk ^a £- jjJa^-A Aal-^ (J ^al , W'nJ 

•* • • 76 

J^. aLjaA ^ja ( 0.2 ng/ml) (jialiaJVI A^la jj£l jj (J* u j jVi J) ^jii ^.121 ^ja Igjli 

o JIaa a^jLaa ^uLl Jv’nj (Prostate specific antigen) ^y 

. aJiA JU Aalia J^^a Jc- Ljl 

Jc- J.I Jlilo LJaJ y> (Biotin-Streptavidin) ^jja^allijluj - Jjj yA\ 

^alaVuAj Igj (Jy?. Jill j AilVl aJUI Ajjj^JI — Ajjj^JI Alai ua \1 djIjjjUll 

(jii jjjJL Alla jaII ajjjj Jl y a^vLajj ^yn\j ^aVuul . jlj AaUa Cl22 ^»a 

o^a (jj 100 nM 1 a^^. j J IgjLlVuJ L-al^aJl l^oAaj 

J^jau Ajoj j^c. clul£ Jlaa 10 cJ!^. S-Iuj 50 nm J) UjJj j Jill diU Vuj.iV I 
Ax-nUI ^jli — aIjIjIaH Jjc.Ua 11 aJUI aAIVI a 51 ^ J . 

^jaj A_i£jaj ^iC. Aa^lc. Jj Ij^AUa ySilj 4 (j-ai_a. AjlSjIa yc* CIjIjI Vu+LyU Aau Jxll 

algj J JI^aII jlill Jajjj Jc. ^jjJllLjluj JaxAll Ja-uill 

. JajjJI 

Summary o 3 ^- 9 6.17 

J JjoaVLj aaj ^*21 j Jlill cfiy. 

4 AJj Jill ^^aII ^ J ^JLilaJI J! aLoLuj Aj^oIa] 

CjLa^aII ^ja y& aac- a <Jc- L$ . AjjIja Ajjj*vH j 4 AjjLiaj^II j 

C-llaJl (jVj Jjai-Q jli Jc- AjjIjaJ^H AJjJ^JIj AjjIj < 0)^11 J tAjjljjJI 

^Jc. ^jl cIiLoi^aII ^jli tAjaiij diaj ^a Ia^ ^iLa aajj 

CjU.Ljjl L)^ 5 ^ . JjjaVIj jnV'u^ll Jljll jyj CjI^,IjJ| 

A q\"iAx) A-i^.1 jA*uJ 6^,1 y diLplaj ^I^A'uj.iIj la^. A_2lc> Aaaj j ^ijjl aaj 

4 A*_u 2 l J 4 Ajlajt j>>i\I Ajc. ^ lll AAjlaAll Cil Jjjull J tAj^jj-aJl (Jja 

.A ) 3 -aat ^ ^11 

Aj^jlill A.j^jiI^jaH Ac-LL-ss li=k J CjI jjaill ^ja (J -0 J 

Jja ^jl a a-J tj^-^ l >" SajaJI djlajaill ^IjIa Ia£ ^jx^aVi 

6 ©aA toUnA’n Jla». jl GHz — (j-o 6 ^a aaj L-jlJal .Ia^a 

Jaia ^jVl aajllj Cy ciala ^^a a ^yW Aj^jLill 

. I 
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1^. a\\ AJl*_a]l A-i^.1 ^) Vu^VI ^jj 

(_j-o 4_illx]l AiljSl] Ldjl 'J.J* \ Ui\) Ja^3 jjj] 4A_^JIx_ < g ^Jl ^l*Wi 15^ 

<LoJpJI dl^dl (JIa JJjj ^Li^l Aj.\jV^M 1 dl jVq ill c > nVu*n V . dlad-sall 

% 

dc. 4 Jlioll ^Ic. ,(_$ j^j5Llg (Jjii-kjtj dli AjjjU £^jI ls^" L 3^^ Lode. 4Ajjj-aJI 

4jlg_i]| qC. .ijJJ ^)jjl£jLjlj £^jlj]| 4 _a^^JI dl^)dl 


(JfL Aj^Jj-^ 11 dj\jl£l]l ^9 (dx-dll (_jlal^-G <jj . ^da^all ^uLui^. C_fijail£ ^Jj ^jLil 

(jl .jpUll Adamic. qc. aj^j-^]I 6_jLuj^U ^ ^j\x y^ll j!^ ^^al^ll 4_LaLaij 

50 (im (j^J (J ^laJ ^^l^j £-® La-llc. AjIjlI] fjAjji^ Aj^j-usa^ll A_a^^JI dl^)dl 

^gjl^l] 1.1^. (Jli£iil SjLij (Jj^d (jl j)^ 4 dl J)1a j)-G did 

. d\j_j^^j<a AxdaJj dll ^jd^jLill dl_Lo 


A_ajLg 1I JaLujjVI (^ 1c- dljj^j£JVI (JIaIjI fijdl AiiUa (J^d (jjjWi A_iLlii (Jdd 

L_lj-uij _jLiij c > lUii'n j)l ldljj^£ A_Lajd dlj jj! J j\ j)dj it . I^id Ll.ld 

^1 .’W'hAj (Jdd L_i^)jaull jIjj (jdid (jdj Ail VI .dlijjj^lVI (JISajI djLujj JjjiL 

(jdaj . (Jjl^.alt ^3 Addll d^Lad (j>ijqVi j 4 jjdlt ^ (_pa ; iAd j 4 aJ^Lg jc. 

* 

. C—lia^) ^Jaxj jl « i JaJ ■ aj Ajjii. l‘^ 1 . ^ ^Ic- ^ liaj /jl <jU£i]| 6^J 


Questions 


d-S 


jljjj (Gravimetric) jjjllSij (j n . i-wil jjjjII ( _ s la.ljl jiia -1 

aJjIII (j-a 1% 5Jl*i “UjS jla^s jl jlal A^iij 1 MHz j 10 kHz .lit 

• AjjIJjjVI A al» all 

<GJ jl . S jl II ^ a <jl ^ lr- 1 _iA j ^ila-a jj^ -AuJl ^j-a A^Huij — 2 

1 mm Aj_jJa j ^jjl-21 A^Lajai alljlS I jl ojl^aJI A-^jJ 1 K j-^Gi ^jl_i]l (_>ulj 
(^Laljca jl Lak. .100 nm (_jA i— iaaII tliUa A£L<uai jl j t^ll jail ^jic 500 mmj 

t2.6xl0" 6 K 1 j 1.4xl0" 5 K' 1 :Jh jill Jc LaA jjliUI j ^aa11 <^J jaJI 

• 156 Gpaj 77 Jlj^l (^Ic. LaA jjllLJI J <— lA jlil jjjJ ^^Lal^aj 
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0.5 mm 100 mm dl j ,jjfLiLJI kliklausj SiirLa ^Ijj 2 j<jjI -3 

ts i& ajAaiVI j (jjSjLoJl jjjii j tjjSjLJlj t a i& HI (j-a <500 nm j dulL js j 

jl <(j*aaljj jl t JlljJi jl^ 5JLi. J£ ^-3 ■jjLill jjj j JJjj] (Jj^aa-l liLa a - ■ ^ . l_]JJ j!i]l 

.(jjjxj 'I 

(jc. IaixJ 1 Hz (jUai (j-ajJa 300 K Aic. dl jl jjA^I (JUaa j23 — 4 

:aJU 1I ^jjlill dUajal ja jLilc-VI jJXJ I .Ik I <4dj J 

k = 0.01 Nm’ 1 ^jlill (jdAj djlii — 

e = 100 _ 

fo = 1 MHz (jjjjll d jj — 
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^judC- 


4-alajVI 

L.gj-aS — Sjjp/avafl 

Quantum - Confined 
Optoelectronic Systems 

( ^j j ajLui 

. IaIS — jjjliij! iljUjjl uUHj a SjjSi 


A xiJo iVl ^3 A t Lufoj ^±1 1a& 

.(Quantum dot) 4-1 a^a£JI 4-kaill AjjjLJI tA_lj 

(Epitaxial) a jhVilt jj£I ^ 4-loj^S Ajjjjjfsl] Ajjj^ l _yaj3u Vjl 1 aaj 


( Sj^sj q i 


‘(J 6 J 


AAx-i3 


'J* 




^jolSLlAJ L*ilj 




jj U^*-j .S J^aVI (Quantum confinement) dil j 

^aJ 4_x-£aL^Jj c<L-all CIjI j A-Lqj^H j ^a^ic- ^gic- 

. A-i«qj)a^\1 Jalilll A wi.ViA j c4_ia^a£JI JaLilil tt. ^jliuj^C- 

Jaliill dll^ A_1J Ajjj-aJl jJjIaII j ClA-j.wMI ^Ikj ^aJ 

. 4_ia 


Introduction 1.18 

^Uaiilj tA-ajj«jll j ^Dimensional control) ^Ol l ^ J£ (jl£ Jal 

Qjd C iVNxi AjjIaIII 4_i* C5"^ j^iaj L5^ 4 j fail! AjJaC-Vl 

o^jlilLo dilj jU (J-auL 6 j A-Lqjx>^>\1 ^IaII dp 1 .liAxJI A m.ViA 


* * Simo Fafard, Cyrium Technologies Inc., Ottawa, Ontario, Canada. 
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SjgJj oUjSH JLj CjUjjjHI jUJ 4 -JLc. (Mobility) AjS j^.j t(Heterostructures) 

4 a. L ~' V y Jldll ^JLudiaNI <■ ^ 4_U1 jail lijUa. JaAJ o j? ~^V 1 allA cd^JJC ■ 4 \\ \^JA— 4 taa'. 

4(JI!1a]I (J-Ujal ^ V- j 1 xiljlda VL&xdall 1 ^ Ifl/'LLii ^_lll 4_lj o JlS IV I 4 ^ j, adljULl] a (J1 - -^4 V v 1 

.(DVD j CD dil3l 


jUjSM (jUoll AXalaJI j 4 ^a. i. 1.18 


Two-Dimensional Carrier Confinement 

Aj liLaj diLo jin-all Jas. J (Optical fibers) a_al2VI JlaxlaJ ,jl£ 3al 

Ji*)l CjIjVJI Vi1>»i 3alj .(Telecommunication) Axj adVla^jl/l *ilc J ojjj 

; 

10 (J-in-aJ 4 j. j . ^ T adlUnll j v i 1 -4 ijliLII djl j aldll /ja (JjIa 33 c 3 uljj a jj V I 

Ajj-lall (Ji.lj t(/jj j^tll Jjlalia i'Kj ■ " j 4 4dl£jjoi]l i*'Ki.i| Adj^l (ju Jcl jl Gbit/s 
(Long Haul Networks) ^a^]I SdxJI dASJil) dljlill j j-iall j t(4^j>>i->,ll dilSJll) 
2j c_alJV I J 4_ii jjJall dil jLiY I (Guiding) a ^ Jk du*j . ( JUll 3 xj 1I dil 3 lilli j 
JxiU-a J i_aHikl ^La-jll (>a -^Ij^ J dljjjjall (Confinement) jj^a. Jc 

4 (JlLallj J ■ 4 iA . a j| JO ^3 dllj Jj jill tAj 4 oil ojLallj a _ llqll j4J jl . V lV | 

^ dj^LuJ^oj AjJjjJall djI^jLujVl -IfljJ ^lill ^LuJjJ 

(. Ijiillj ClAjjJj£JV^ t^Jjdall <Lua^-a1I CIl^I rtUaJl) 1 ^ iiuiidn Sj^vij 

(_$\ M djlsLLaj 4_L-a^G L d-rVi ^l^-o ^9 

■kill (_>ajc Jc Jjjiil o^zx-i n-alJYI J K;ln.iil (Dispersion) diUjj (_>ajii .aLAi 
dlljljaLa ^ V- dlllliJI _jdj ^3 l^JLudoil ^liil 4 1 . ^>ja\I 4 dll j J)4il ^AlLail 


4 _>ald 4ja._jj (Stringer) jL^i 4. - fiAM I (Tolerances) d Ai-d -a m GjSjj 
4^J^' j' ^jjLiaII (Jj3*j 1I jLid.1 JJjJ 4iilliS . dlj Lilli (jSd j3*-a ^llijl 

dlLo^ix^i]l 1 a * Lq'l ^j| ^ill AiLaLoll ^ V- ^JXt J 4 4.1 jJjjlil dlL ^jjJI (Chiip) 4 jLolLol 

ajLall a jl ^pa. 4_a. j3 jj\ jflk ■ al 4 ■ 6 I W . Li j a j ■ ^ dll jldV I dl jj ajlxaJ udi ^jl ^_J_3 

(Wavelength JjLII ■ ..Vil 33*Il<ill ^ITa'll ^J^l 4 Lj£j JI ^jjt-aJI £-« luultul 

25 jl 50 GHz G- 0 Ja^jI J 4JUa. J L^a j . ^S j 4di vision multiplexing- WDM) 
.(1610 nm - 1565 nm) L-jlkill J/ j (1565 nm - 1529 nm) C-jU^I J GHz 

LV"'L <Lalaj| j. a 4 I. ^>j^\l 4 dad dlLjjjJI ^k J ■ ^j]l j ■ II laUadilj 

4 DFB diljjJj 4 jjjj — Ac. jV'ai aJlDLui^J (_$ JJJ‘ ^11 C.LVI \;L"' J 
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CjIjjJj d Distributed Bragg Reflector-DBR) <c.jj-aSI <jo£UJI £4j4 si iljjJj 
(Vertical Cavity Surface Emitting Lasers-VCSELs) AjljSLill Sjaill ilili dichll 

a L l q . ^ - a . j. . s-t\W . ~~ \\ - ^ 4_j jLL ^ .LEDs 11 . 

.. u .; S ^(Semiconductor Optical Amplifiers-SOA) 

y 1 LL 40 H - •*- - -4 Cil o34Ao 44jLLo 4 a , .aj SOA Si ^_Aoj a 4431^0 

liiAj CjljLiVi p A > Ail (Erbium Doped Fiber Amplifier-EDFA) pjjjjVE 

3x4 ^j-o 4 dlVl ■ ^Ua3 ^3 4 al£Hl\ 4 o3Llo 11 oljLaaalaiill ^_3 p£4 

4 WDM £ jj jjt t>a yr^ cblinlajll ^k Lot .(Metropolitan segment of telecom) 
t— i Us . >io jl (Inline Booster) laiJl ^lt CjIj'Jx^ 4-ojXo jjSj jl 

JLmjjoil (jS^j iWDM 4 _oiiji SJLa. ^k . i ' Cil ■>. ^k ^ .>1 jlj (Pre-amp) 4 LL 4 

o^_^l jl p-i-n ^ Ea ^JLojtlluiLj (jjuai^Iill t_)a 3 x. - ^ - ' HjLuj 1 4 *ta. — ' SOA 

.(Avalanche photodiode-APD) 4 -ujaiJI 

A , >il 4_lljt3 4_j j JjJ 44 I 3 j 43 ^ Ir-. _\ . . 1] ^ . .;La. LAaji <LoLaJi j . Ql 

Iaa .1480 nm J/j 980 nm 33 c (mW) -lal j ^^ioll y* Csllo EDFA 

3 l yA (Platforms) fil . ,V'o JLoxiioilj ^L-ial (_LoI£j ^ 3 I_ja 1 I 4 jj^o iii!i ■ a j 

i~~'l , *11 \ 1 s*%\ c JLiLoJl (Jaajoi ^^Ic .4 U.Wl cliLjjSoil j DeMux\Max 4 «‘1 la _jl 4 <-. jii« 

(Arrayed JjLuijl ^ 44 a. j^s 4 J 3 I i*Ki*. CjG -LLolSia 4 & jjS/l dil jjJll jl V-III 
Variable optical Sj 4 xi 0 oaUaj^s £_a ISilml l j-o Waveguide Gratings-AWG) 

JLoxloil lillij 4L_ajUa_jli ^ ^jlubo JjA^ail (attenuators-VOA) 

L-JJj. 3a Jjli CllLiAiJ (jAaiiaj ^ ' > 3aji p^o (Jjia-oli paLaJl . 4 \ J' i-t. o (Footprint) “Coj^j 
o jSlboll tllLoxoa^ill ^li^j .CjlAa. jll ^jJLSj ^ lr. UU ^ II ^JLaHjj t ^_i3 v ii AaJI 

laLLaJI ^o 4_i^,j4li CbULa. a ^ja. ^oll (J^jall a 4jj^oll ^11 Ljajt 

(Optical — Electrical — 4 jj>^i;1I — 44414^)^11 — 4 -jji.^iill ClfiLijsjll 33 c. (jialiiJl 

• Optical - OEO) 

jlauVl AlaLaJl i-i.1.18 

Three-dimensional carrier confinement 

a a 44 ojC ^44 (JLaJtAqjLj V I ^3 P^O p3iJ _l . a 4 0 j\ .nil 3^i*Jl ^3 

^aiai 3 U 4 V 1 ^44La. !^k Cll!>LoLaJI j.^iVl (Quantum Dot) <io yc& 4jaij C 1 I 3 4jj^a ya 
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(Zero- Ax ill Aj^)d-a]l AJllall A-Loj^ll Adaj^U . ^ Ax, all Aj^)d-a lg_ji_a dld-a j 
(D iscrete levels) djlajlaL* $3c. (JA^j J^c- dimensional) 

S^l-laJI 3^-J Lp] gn.n'l a da. a^Ud da^l-a S3c- A <jj . Ig’aJaa^La (j£-aj 

dUj3 da^Jal .Aaoj-o^ .laid ^ic. A-dldl A Ix^^di t. <lx«Va A \)>g 11 ^ a all ^jujLujVI 
Adld-oll AdjjJ^lVI djldla]l 133C. AjC- A_Jlc. Jaldl ^lill ^lAadl 

1 ^ Vi £_iAadl ^-<uj ^Vall 4 jI ld3a d_dl 33 j ^ ^.^lad Allldl Adldadl 

(Excited state S jlid Alla. daVlidl l$J a_i* laid ^ u^>l ^-1 xdu+L)li ^LIS j lj>g a* 
Ig'Yqlla diLijiui-o j-o ^^Jalaullj tAjc .1 Sjil <^_jLLq 4 1 JU 2 k ld^)*j Ai^>x-a transitions) 

a j^-C> 1() * * . Ann 11 A_iC.^ill I^IjjJjoia Afilia 3c. Id ^I^Lqj o^)jj-a^»dl da^l^ll 33 c (Jd-adl 
£a Ig-dljJj A-Iajx^II Jaldll Ji\jA\ Ajjj nil A_iC ^11 d a^x^xxi 333 4 dll ^^Ic 

c <jx*Va dal (Jid Jlc c- 1 3l dal j o a_Jj 1 ^ll-d 3l^j] V-III dalildll 

d3clj Adaj^ll 4 liVall o^_^.l ^3 dll ^)_^]aLlll &3A (jj ^ ^ .Ajla laid dill aL. - a^-Q 
AjjIII Ajd C1 l)\ j^xxnll A^jIj &3j^) 3 <j-al^d dill S3 j 3^. Ajjjlj (j! (j^-dj 

AjuAxxi^ Adajx^ll A la Vail dal j & I ^a^JI j3 AjuaibU daLai^dl 4 Jlldl (Jdjai • daldiai] 

4dll£ . Adajx^ll laid!! ^ xxi.Vig.il (J^xxill ^j-o ^dlj ^-dalj 3j^)j ^jxixxiVa aIL^. ^3 

.a^)J_i£ <3\j£ A-Loj^H JaUllI (ji^j A-dla]l Aj^)j-aj]l 

Jalilll o JiAxILq daliila tilliA OJ^t (jl 4 dal q.nJ-iMl ^pa*j ^^3 l_J^C.^a11 ^ya 

4<l£_ud Ajlajj& Jalaj <C. ja~\a ^3 ^aUadVI xxi j ^jl 4(jl_i^/i (j-a*J ^^3 4 ^j£-gJ j*Q^1 

<alalA]l ^3 L_ajaj^ll L V'ag J A xxi.^^ll oJdtddl daLliiall (J-A*dujj Lade. <A-ald 

a+j^\ 4^^U! e Lo3V! ^3 Jjd <j! VuxiVI ojLa^)] jl 4^Jajao]l 

^>~n (JLaxdul A\kf\ i.A\S^j 4 Id! 3 A* Ay a A. L-aj-o c. <ax^»'a Jallll <aliddl 

^ic. (Jjj-a^Jl c. V^g a ' A xxi.Vag x>ll A xxi.^^lij 4_da2ldl A-Lqj^!! Jaldll dalida 

<Ll3 3 L*jV! Aj^)ix-a dal q a J-i ^-o A 3a Vail dal^j^il (J!d 4Adj^jj£Jj Aj^j-aj 

. A33j J-i u^ill 

A K^IJ JaUjJl (jduLii diAjA 2.18 

ISize and shape engineering of quantum dots 

Ad j jj^IV ! Aj jj-aJ! b^jy^\ ^d-a L <lf\ 4^jLaili (Jj-a^ll ^3 ^jjd3^j La£ 

^jLoJI .(Epitaxy machines) AJjiill CJ^\ j^j (JLa*iioilj 
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4-ajaJl AjLaj j 4 (Molecular Beam Epitaxy - MBE) 4-ojaJI AApj JLutiJ 

^ jLkJl jjUI Ajliijj (Chemcial Beam Epitary - CBE) 
jl AS 2 J <i>'i l ,iL MBE Ijj ^3 V-III 4 - A a ■, 1 -, <iajj La Ulc. c^iliLaa 

4_Lajojl^j ^aja ViH 4_iaja^11 JaliLi]l ^ic. (Jjj-ixaJi lie. I ^3 j .AS 4 

*l£t L_fl jjlllujl ^aj Joaj 

" > 3 '.GaAs ^jic. (Al, Ga)As CjlifL Jjja JUiiVl JUll InAs 4 -Apj 

n + Al x Gai_ £y* (~2 pm) <1 lL (j - 0 GaAs ^^Jc- A-ajlill AjjjJll (Jj£jj 

y<x lLus. ijiaikl SjUil Clli 4 jUm sj^jiS Al y Gai_ y As <LlaJ kc. yila x As 

4 l-i /u t\ l 4 *Q !»■> *t a \ 1 , 4 l-> i**' t\ l 4 *Q \ * \ 1 ^ 4 cl j )**' \ ~N- ^ ) 4 \ t t j i ysN 4 Q l<-> t 

InAs Jalaj ^ 4 _aj£ (j-a 4 ^. l!^ 4 -ijjaa j^c-j c3^J GaAs ^j-a o jIc. 

^ja Ig jlc. l '— LS^~ ^a-ujkll ^^JaxJ . Ijji^ 4 q]o».^A 

4_1L^ ^ ilO nm GaAs ciil^c. U a ^a 4 i±L 14 jl 7 ^ 4i ciAaj£ 

Cliliila j o^)IaLilA 4 ^,_j.Ha a jja£ ojlrs 4 JoxVill 4 q3-i‘i a\1 £_jjj . y — 0.35 j X = 0.7 
CllLujI 1 t^UAA 4 AAX^IA ClllliC. 4 _Il_i. ^ 3 j *P + GaAs C-U^AJ ^ g Vnj 4 jjJOlA-p ^JlA^lj 

4 £Laoij JIU (_J_iaaa GaAs (Buffer) S-iL^a 4 l±L 4 _iAJj Cla^. t 4 jj;m]l j 4 jjj^J 1 

# % 

AjSLuoi ^ jl JJJ tGaAs (_J-“ l 3^J ftUaij 1 " » l-.f~- jail j^ll Jaliill CllaJ (0.8 jUm 

. 100 nm j 30 nm (jjj Ir^ij-aj 



[001] BF (200) DF (220) DF 


^ Luli Anaya AjjjA LLUJ (TEM) JliUV! j$ ) a\ 1.18 

jlala Sllax-a jjfr 4jajA <Uaill [011] jC j^la (1) .InAs/GaAs 

(Bright Field — JL^a : « J I Jja. c ,i.a *_a ^jjjUaLa ^iua ja£ (jjjjalli jluia 

f.Uj4il (ja jiL 32 jajall jja) . (Dark Field-DF) BF) 

. (WILEY - YCH Yerlag GmbH & Co. <> 0% 44 j*>dl j 
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(Transmission Electron Microscopy - TEM) IV I JtadVI Aj cjj 

lMI C(JliLa]| (Jaajuj ^^Ac. . AaajaSH JaULii] ^ j^nli ^Ja-all AiwM o-liLo oljl ^A 

. S-UaC. A«ti3a 1 g'n/ni InAs/GaAs A_ 1 a^a£ A 3a VA Lida^C- Ia3aqx> 1.1.18 


6 515°C S jj£j a^j^ ^jc. (100) GaAs ^gic. Aii*ll A-iajj Cjja. 

c-ilLI cillj t0.02 nm/s o InAs 2)* 0.54 nm ^il£j L<J 

c£L u' a-lqj^II Jaliill aIU. (_5^j .ajjIS 60 o^jas 

^)la3 ^jjVi ^9 I.^a Qj£j (jl Ix^ajl (j£-oJj 4 6 _jj^)^AI ^xul Uj-l9^ 1-^.1 x^aj] TEM II ^ Ax j 

^.I^^Ij l^A 3a u^a y)£-aJ Al t A-1 aj)aS 11 Jaliill ^UjjI (JiiAJ V Aj£Ij t A-IajaSH JaULill 

^la-x-a 1 ajj^'i ^xikj ^£1 1 3,28,33-35 ^ 4*<ti3a $.IjjI (J£joAIj A xn.VA (JLaC-I ^jiaxJ 

dil All (_ 3 _ 3 ^ AjjJjaa TEM (JLaaJj»uI ^j£aj c\ g a^n *- k j A.iajaSI 1 Jalli!! (J£joi 

JIaAjVI -3^Aj LujLujI ^Ijj (Contrast) <jl i jjjj-aj I^£a .Vqa'n .SlJa* a!1 

Jl£2jVI y^i jluj Ia£ t Ja^ujjaB la £-* (Strain profile) 

Ja^juj (jl A^j All 36 .18 A ‘Oa \ (_£^)AUall (J£jui]l A3a'n . J — L_J. 1 . 1 8 

[001]BF Ja Jjl ^3a«j yjl <j£aj (j£3j t(j£dll ^ Ia^. 1 jji-x-a I jjjaj ^ 3a»j (220)DF 

3 ~. AaajaSH A 3aVAl 3aj^ a (jc. o AiAa C1sIa^1*_a 


Aj^)g *vaI1 (JLajCIujIj CIAjjSaII j (J£jua 1I ^jc. A_i9L-aj C1 jLa^I*_a ^^ic. (Jjj-aaJl <_j£aj 

(jjjj c JHaII lj 1c. 39-43 .(Scannig Tunneling Microscopy - STM) a^J_a 1I Ajaail! 
Aj^jj Ajl full CjIa^Ixa CIjLaIj^ I^£a ^)3j^ 39 . ^JailAJ STM o^)jj«a 2.18 (jSxtili 

~s a\1 SjIaII ^JaSj lijjl ^jc. (J.u^a\jj A j)a» x Aj^jLllI (J£d ^jc. 

JIxAjVI (_>adj J^x-alij (Lattice constant) aSu^I CuIj daLoiLa Liajl ^.Jaxi 

. ^ x x^a^All 



InAs <>> Aiaiii 40x40 nm 2 jc. jJaLJ STM 


o 2.18 


.(fLjjiU (j£ J±a)!\ J^jLail iy> jjL 39 I^aj .4jJa ^aJI Aljlalij 
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. s\. A_i-a -laULi]| (_y<i Cllllila]! oJ-lxlLo ^\ Ajx> ri 1 x>ijl 

Aa±la 14 (_£.3 Aj-q^-g£ Jalij A Ja/lnll 4q)Vi<cl' 3.18 (J^ **ill (j^ C(JliiA]l (J ; njjj 

AlLo tiilj 44 .\g \\\ Ai±Ia]i AiLlIa ^j-o A^JallLa A_ 1 a j^ll JaULi]| C*’ n*\ 

^jj aIL^. b^)±& A_1aAI Ljajl AJj C A JaV^I ^^3 ^IjjuiVI l. Uti^ jmVil 

^-ujLaiVi *> . . J-6.18 ^^3 A-ul3l Vuj.) L£ A^aji^ll A laV^ll 

aIlIjU ctflaJI \)a\\ A.n^n (_£j!iuia]| A Ja^^Lo] 

(j£-aJ . I .1^. AlJ^)3 Aj j^LaII ^)JC. A_i-o j-g£JI Jaliii]l AiiUa dllj j!1uia (j ^jl L_S^^. j 
c-iic-l i . inan ,jl ^IjSVI (Strain changes) JUijVi CiIjjxjj i|jjj£i]lj ^ - . >^ , '1 
^luj jj 11 a (_£3jJ A-iaja^H Jalilll ^3 AsUall (_£j!1uia ^3 djl^jjn j ^jl_i^.Vl 

A yn\ Cll\jt-U^\ j ^al x*a )aV 1 JajJaA ^^3 (J^jl V*^a ^)JC. 

tA-i-o ja^H Jal^jll y^-o ^al Aj j^)Lq ^AC- ClAc. ja~n a ^3 (Aalii-Q Aslia CIAjjLiuiaI (^^aJ^xll 

Jalilll (_£ jiluiA (J-»-a3 y^-o V D^JalV^H A.1 aj)a^ 11 JaULi]! A W /It 11 (Jliljl CS^]j 

. ^j-al^Lo LS^" ^- UJ -^- A ^ A-l^j^H 



TEM L5 -uajC> xJo&jz . b^iHA AlLuLaj Uj13 Aila^-a-a Aj^»ja£ JaHj *-g JjjJ 3.18 JlLutll 
In £-« InAs Aj-aj^S Llij ALJa 14 £y* Aa iJJ 2 ^ <s JJ^ Al^uoH Aikl^il 
0^ cPk 44 c>) 10.0 nm GaAs ljI^Uaj Al^aiL»j 5.0 nm aIc- <Jjkuu» 

. (WILEY- VCH Verlag GmbH &Co 
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Luli &ya Lllo] iLavII 3.18 

Optocal properties of self-assembled quantum dots 

. A_ia J aLiill AisUall CjL)^!1uia A i\ oAii-o A-j jjj'nll CilLajil* a\1 ^j^aj 

g .1 InC 1*1 A_Iaja£ A_Laaj 4.18 

\ ^jl a_ia^a£ A_La^j \ ^j£aj ^»(Wet layer-WL) A_iLa^]l A_iiLa]l 
(Bright [001] ^JaU JI^aII Ja Cy^ TEM (plan-view-TEM) ^jla ia jiaio 
Ia£ c a_iaj)a^11 a IVq ill (JLaxHuAj c(JIi1a]I (Jj u>i ^Ic- . l_s. 1 . 1 8 ^3 Field) 

^ ^ . A-1aj)A^ 1I A_IaLll] A^Uall CjljjliiaiAj A_i^.^a]| ^j^a) c 4.18 x*ill 

c .4 .oOc. LgJ AeajxS A lad] Adj-P^V^ 4 dljldall 5.18 (JSdll j j; ■ 4 (JllLa ■*! Ur-V 

Uij 4 £tJI g, f, d, p, S t'lldU cdljldall l dia^aq (j^-aj t4j«ja-s. alllji £-a Ajfuullj 

(jLui joSH Jdxll ^1 jail C 5 lc. La* m j n ^n-a 4 1 = m + n a_l° jaSll IajI-ic-Y 
^jial jj i^jijla ,jja£ ^ ‘ Jllall (jlc. .(Angular) (Radial) ^jJakll 

J^la ,_jjluaaj tj-Sialsll l = 0 (Single-degenerate) Jjsla — JaV ^jdaaa ■As.jj t JUi 
(Triple- t J£X j — Jada ^jia^aj cp- 4 lakll 1 = 1 (Double-degenerate) ^LLI — 
aAViI AjjUall CiLijojoiaI Ualaa-a 6.18 Jialll (jojj ...^tll crf-Aiakll 1 = 3 degenerate) 
.( v =s, p, d,f g ) s_id iiaLj (jjjjSJI CjIaiL 5 VI InAs/GaAs ^ a * a > a 4 -iaj*^ 

4(Jlxall ^sl^all CJ xLall — ^jj-a£JL alllj j£Lj .Clilaalall j-ii V^V *Gl2 _i ■ Aalla 4a.jj 

l = lj is aJL*. 1 = 0 alios. (Degeneracy) g v = 2(1 + 1) JUsjl Jl j jd j*j 
jlLoll ^loll JlaoiVI .(Spin) j* 2 ...^11 ip <lLs. ^ 

CjL jjo£ 1) t>a AjjSlall (Excitons) CjUjIiLoiSoV' (joj Jlsojl LaLoil j* (Interband) 
^ ^cJI D, P, S allVlslil (Vj ‘1$ >aTi V“ J-a^ll jljcSfl allli alillolall t_ijijj 
(jl 6.18 JSjIII Lkiaol (jly .(Photoluminescence-PL) MjVl 

(Recombination) ^jaVi' l ojlt] ^yaj y. JxLIj (State-filling) CoVLslI *,<J* Ao^Ai - 1 
Aoc-jill ColojOjaLall ^joj ^LsjoujVI aliV^*-a ^1 c.j 4 A^las-all 4**1 q 4 L.ll . " 0. al Util j 
Ialo 4 i luni ^jVI 4 ^jllakll * i_V (Yisl) (Intersublevel relaxation rates) 

(t d ) aJxIsJI jLHil ,_ja j t5 la tilliSj 4 (Pauli exclusion principle) ^jljV AjuhJ )l\ 
dil jiiLi ^jsla auu->l A A > uia 0 jy-a “I* 1 .(Xc) (Capture time) 4 — alajlVI L>-ajj 

jVy Lade (Multiexciton complexes) djLjjliLa£jVI SJdtlall Cjldxxll 
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<al Jail tlllxjjl jjij 1 Aa £j\ . Aa-g A Wq ill ^^3 CliLj jjjLoi^jV 1 

Sjc. ^ l_j j£ill j dill c_fljl£j jla ttilli £-g j 4 ^ 49 .meV II dl^ilc. ^gAc. 

c*" i\ q iJ-a dli dldl dliLal <_£3 jj Aliia. dl jAalU A.yjY) aJoj! jd dlj jjjlui^j] d^L^* 


AAaJjanll ojjt^'l A^lddl t^cAl cd J pj S A_il ijjA^VI dlaJall £-g 1 g Aijj ^j^-GJ A-il jjAfll] 


dlii]a]l oAa 4 A-i^^Lg (J^-gj 47 ’ 4 .3^>ii<G Aslla dlijjjobG aIL^. ^^3 a^lc-l AjJ3j^)*_a]| 

^njlVAl ^Ldl ^£3 jJ <■** n*\ A-Lqj^H Jalllll ^j-G die. j^g'S.g aIL^. ^3 A_ilj_jj£JVI 


(Linewidth) Jaa. <jiajc. ^jj c^l nl->ll as LL ^j-g jiu-al AsUall ^ di_J£l 

(Full- Width at Half-Maximum- L5 ^»sVI i <wVi J-gI£ L ^a j*j CjU^jVI 

. ^inll jail AsUall ^j!1xg-g .ic-lil ^j-g x*ol QjfLi FWHM) 



In As (j-® ( iuaj ^UaC- JLgjlLujL LjIj A* 4% a Aj^j^£ Aialj (JJ-g£ AaXgj 4.18 j£<uAI 

46 £*>^1 O-a) .*UaP AiJaj GaAs o-a a ja£ j ^ AjAuAxg InAs (>» JJ AdAa Jjj3 

. (AjSjxgVI AajLjaill A-jla^I q-g <jAL 


^Ac. (Jj(j>^l^ll L 4 ^^dll ^Llll t^VtW A_1 ujLujI dllajui^Q Ajabd c£lliA (jl J 

A-^.jJ c.l£lll iS^)^ (1) * (jjlilll ojIIg aAU> dLdl £-g A_iC._^i]l ©Ala. AjlajjcS, Jalal 
(_£ jdiA ^3 Aj L_J^C-^-g]| .1C. Lilli ^Ac. (J _jx«-a*\N ^a!l ^Aj-g ^qSAI Aaldll ^*sVAl S^J^^ll 

(Strained material) SjU JjL. ju^ c-j^j ( 2 ) ian ' 12 . L? iu]l ^jal! -^Uall 


Jaliill Ailld ^ vAI l Vig.i ejLlk-G ^-g 1 A^.^)j (J£l Iaja^j (InAs Lia^ ajj-u^-gII 

2i2iC- ^Aj A^LjaVLj lt),51,52^^|^| o^jULg CIjVL^. ^Ac. c^aA ^j-G t J ijA^aaAlj Aj-gj-g^II 
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(PL) A yji >>\1 4 (>.! \ 4 q ■, 'U t4_ilLci AiUi£ aJL. ta^lc. tAxa^a£ 4 InVi CllYl^. 

^ (Stale- fi 1 1 i ng spectroscopy) aJUJI * Silika ^ aJ=. jll 


n m ^uiU s jkj 

ajjI j s jLj 

JcVl ja S jLj 
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Aj'l e.-vSfl Ail^l (jiajfr .A^jjJC. JLui u)3 Aji4_5^S Ajaij Ajljlia 5.18 JLuJI 

jljfriUj («) AjjlaSil jIjc.SU Aja^aJI aJIaU (Probability density) 

jjS-aj .AjAaiaJI Llil jlSI AjLiuIL . j&j JaULi aJC- iaailj La£ (|//) Ajjtjll A^^aSJt 
Lfls- ■ I = m + n 4aa>a£l! liij .... g ,fd,p,S CjtLia OIJAaJI i_L d^ii 

AJLJal] [ = 1 J'vi.ttj t s AAjjaU 1 = 0 Jjiia]| ^jjiuaaJI .JliaJt Jjiui 

JjiU — J^j-a ^jluta jA (JjIula JS ...jtJI d — Alalali l = 2 <^£^1 Jaiailj < p 

■ (SPIE t> 48 Cy) 
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tilHu AjjIj InAS/GaAs Cy 1 ^Jalj AjiUail cjLjluua » 6.18 JLuJI 
Lw iLjUiiail qjj AjjIj 4j*i J^ai AiUaj (v=£E, P, d, f g t-iSj AiLJaj ililijjjUl CliUJa ijmL 
j iS “ULa. (ji Z=0 g v =2(Z+l) lie. Jilaal j t5*la3 <U*i ,jja£ Jjj 

(jjj £x&aall 4*^±La sjlfi.) £y»j l _ r ie t4jlaj| f Ja AjSja, Jailuj . jdl ip 4jla. . ji /= 1 
D^JJ -Yisi cjLjlwiail jjjj flAjlu^l -X, a* i— jllJail ti ,a cjllUalit 

SajLjjii! ‘LaiAaJ! (jiL 8 ja!1 £y») ,(x c ) > ilialhn o^jj (Xd) jUilil 


yl . aB y (JajLiiaiJ (jl <■ . y ^ t<lxixall o^Lai] ^jllla-oll jaull J-lx-J Ixjj 


<1\ 


-sa^Jlj jjli Ale. \ g K x.'j) ^)jlVn <jl 4 -Iaja^H Jalail] ^Lajaii] 


^Ic. \\ V 4.C. ja^ a\ 1 3a« xdi j V^J ^4) ^\ a ^ j-<l^-a! 1 .li^. ^aUallil ^^Jc. 


*Lul (Indium— flush) ^ jjdj) — <- 4 _u£j JIaxuJ (5) S^^-lujUa aj & j ^ 

* t * 

aI^-uLg 1 A 'i 1 0. 1 3—8 ^^ ^ \ | ^ i*i' \\ 4 ^1 i ^*> 1 4 i ^ \’$ ~n. \\ 4 l-il Q *>\ 1 4_ilaxJ 

4jajaull A q]V^a\ 1 ^3 L_bal£ll Sdljj ^3 ^ 4 u.ix ^ j tljjl j A khksiA 4_ia ^a£ Jalii] \, u+i.ViA 

(J4±a jA La£ t JLj, Will oAi^JI diVl^ll ciilj A-iAj)A^ll a J-iV^l 


.3.18 


i_sl_ilal ^^ic. J (_$ ^(J-q Aj^)g ~n a t _ s -lc. 7.18 0 ^ 

aj^)j Ja^3 dlla^.^] iA \a\\ .A q\“i^ a o^)1jI CljlAuj Ale. 
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A^a ^-a£Jl Aalliii) 2A I ^ iV 1 -L! ' ALaLaAl a Lk jL2 ^ L- AAV -j t 4 . A q k A 

(Intersublevel) Aic-jAll CiLijiauA! Qu aLkjloV! C iVA*_a qI iJuilLi .(s — AiaL) 
iAc.y Jjal^l (Interband) CilaUajl! Qu ^LuAVl (Lifetime) jama Aa jLLa l^a. A*jjaa 
Cil _jlioiil ^ Ci_^. Jal .Ailli-ttll diliikll ^ CaLijaaLaSaVl (Recombination) ^ j.aVi 
(Quasi-zero- ^jjL^ AlA a»j Calls ^^ja ^ Aalkll JasLa. aLkjU aJj.} ajji.Vl 
Qua -so LS Ac- Aa^-a Aaalaj^ CaLal£*al Qa liilAl Lai 54 57 *aJj jaj ^^Ic. dimensional) 

^Aai-Lall v. aiLill AaLLall Ala^a^l! LI q'AI AfjlAa l. Alla jAa . Ala ^-a£Jl aLLAI j QA a 1 -1 

Q^fLi i II A^j ^Ac-j .^j-ajaaaH Q^)al! ^JJC- S-LkQixaV! ClLll! ^Ic- LjaS ^^jAll 

,j£i jj La Itjla-a Jjsla (Longitudinal - optical - LO) Jjla tjj^ (j>ij3 sLUc! 
. Amal! LO — Q aa cAA AAlAa jj\ ALaJ AaaCalL 1 g ’ Qc- AAa^aAla AalAall AfilAa dlLjQnaa 

(J-lx-a w ’ lal aA '4 i t 1 1 ■ al 1 ■ a aljAil ajlx. ^-all c-lakQiaaV! IA& ^Ca Ql £3 jA> all cj-° <jK 

CllLillj aLqL^JI oAl^JI A-illxill $.Lk jlujl JdXJJ 

1 ' 55,62 . -SCtial! (jjjjAll Clljjjaaaj 59 61 (Auger Type) JJa>. ji ^jj 1 > ClljjjJjja Jla 



0.44 Qtfa SjliiVt siui (jk jLjjV! AAV-Sa Aa,aja»£ Aiaia CLLAa Alla* 7-18 JiAA) 
# jl Aa jJ di! j (PL) Ajj jCal! AuLJall AaSlalxa 250 W/cm 2 j W/cm' 

.AjjIA SjIjVI AajA siAi QjSa LaJUC at .tsSs^ll CiVL*il Jjllxa ^aaalu AaAjl a ,taaA t a 
C iVtaAl Qa tliL&ALuaal! iIiIjjjIj AAljV a taJLuaa ^uijlc i-ioiLij jLuil! j^Jaa 

. (Aa£jxaV! Aula jail) AaiLaaJ! Qa Q Ala 8 ys j^l! Qa A a!tA a" 
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^9 Ai^J^a (j-Q a_jliiA]l CliVl-^3 ] Ajljula]I ^LoC-Vl ^l‘n"u J ^£aj 

46. 18 d^l ^j-9 Clj^)jA-a Ia£ ^jA^I djlliLall ^ \\a) oAja aLa^I £a .7.18 

AJlaJi ^j-o <_£ j9l ClAxjjl ^jlgJaj ^)aV 1 A'^xnj S^I-Ya^ aIL^JI Cjlxd Iajuj 

Ai9l_ilaA 4(j£Jj djlq.il^W (x v ) £-uia]I ^axIIj A qjlill d^-^V l*jj AjjJa^V^ 

td^-^l d^ ^ <q 1 w^ a Aa^^JI S^jljj Ja-oj QjfL (jl c. I'sj 4A<Li9 A aIL^. ^d° 

SjIjVI djl^juj I^ja ^aIxaa dd -0 d^-A*^-u:l lj^»9 4^2kA_9Aj ^jujjIc. 6^)\jj Iia i aIL^. ^9 

(jj^. ^^9 Ail^-C* (j_j^j A9^)a»AA]l 4 »q^l ^)£^)a ^^9 SA_^ ^a]I Ajaj^II Jalilll 

bj)\!l y $\ JaLajl aIL^. ^9 . ^jAai^.1 oAjoi ^pjjlc. AA^)a. Aic. _Laliii]l ^qVn 

A^Laa jaaB c. lUti_i ^glc«Vt dal q.iJall L—jl j>*i^ ClAx^jl cA^JaliAll ^jJC- 


Jallill AAC. aLa^I i.. lUii \ S~A q.ilill Clllxjjl £JjjoJ d ^1‘^J 4AjJaAa-iA djl^-uj A J-ixJ ji 

= > 

L5^ AaJ}^. L) -0 SAjouI ^jJaia-lAll Wll AAaJ £a 1 jla 9 A-Iaja^H 

djl q.lliW ^lla-Q ^Ijjoij Ja^.^]j 46 Ajjo]I ^LcJallLo ^)-aa-9 AA^)a. d^AX^ail *7.18 d^** 1 ^ 


46 AA o^^UjjaII Aila3] A ^AvnxAl aII-^. d^° .ojux^ll djlAjaAl aIL^. ^^9 dj pjS 

\a$ j iVxl Ajjulj £A AJjojLiIa (jjjillla iS^ £jo1a 1I ^}Axjl AJjaJ ^g-ic-VI Aa. 

. ^JJjIA iS^Ji\ Aludj ^-Q 1 ^l^c. A. IujLiLo J I Ale. 

4,)^*\^Lq ;4_ijj)x^o\l 4 _LgL^JI jU : ;n il d AiUi^] ^-*-^ tljAajl ^j^s<a \ 

£A PL t.. A q.lJal O^jIaIaII CIjLaI jAII 0aA (j^-AJ t^ylilA9 . CllL*_ljl 


^ic. d ^ } t c. AaiL J ^ JL f^^J Ajaja^H A Ivi'iW <1L^JI ^dA Au9l 


^)jjl_ii] Aijj^}la tiilA ^)9 jj . 4-1aja^>\ 1 Jalll]l ^11 c. A^d 3 cl) -0 ^Al^i d^Yj^ Axa 

Aia^a^II Jaliill aSU. (Auger) j^-j^ ^ ^.*^'1 cW-xa AjAaJil j CjVaxa 

A^d 3 aLqUJI ^a aIajj S^Ia£ ^jl axa^-aII 

JIa ^ AjM . I Aj£^)^. ^^9 dal J^)jjal] ^a\1 ^JjA]I d*\j 4L_lda^Jjll 

PL ^-Alxid ^^jIaJaII A-Iajx^II JalijH aIL^JI <id A Aj 9 ^.J^a ^aVi ^gllll CljLajI jA 3 ! oAA 

Lja^C- CIijIj aIaU. ^Uaj ^^9 aIaL^JI Aj£^)^. AujI^jA] oAj^) 9 Aaj^la c. A q.ilil 


^ajujj AjI • (Ja^^ dj^L<ilaJI A Ac. cAIL^JI oAA ^9 i ^jjx'n c" n^k CliLjaAiJ ^-aa-all ^jc. 

. jl CIjI^j^Iujj (jji jill AAxIIaI A^jjaii]! AjaA^U Aja^ AjjlaA d^>^.lj 


oj^lc. 4 ^9 ^j! a d^'>A AJa-ujI^J Ajaj>x >^\1 Jaliill (j^AJ 

d^ A'lll ^jjUJ 4^!1 a 9 .AioUJI qC. Ljajlj 4 A-1 aja ^\1 Jalilll { J^ 0 ^I-a^I^-a 4cd]A 
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Jalij <AC- 6 1 8 T j 0 T ^4 K s-cJ-a A-^l j]a x > 8.18 

Ai±]all ^ja l^.^^.j p , .S' djlliLall 8.18 )a^\j .AiLi2J A_ijj^jj£j| Clllilla Aj.ll4 A-La^-^ 

(JLa*I1ujI (_£ jj iljA 4 Aa*JjoLa]I AjJai^-lAli Ail^ ^J! La lc.^j cJa^3 £jf 

.d^A PL — 4_ix*iilil*_A]i Aj^)^j (JL-aJ^/ ^)la2 ^ Qjl 



050 87b 900 925 960 975 1000 1(E5 1050 1075 1100 1125 1150 


(nm) 

(jk AJLluiVI S-li^ Aojjjai]j ljULlL IgJ AjlajaZ Llij AC- ja^a\ AJIa f J-a t fllj^aj 8.18 Ji-LJI 

^ Jjjj LIxJ! ljILlL]| 4 II .18 T j 0 T Jl^-a 

.(SPIE 48 U-a) f-Lu 


‘il 6p-A,k\]^x ^^2 ‘il L^jjJaj c_al_ilaLM (J-ijj ttlilj £-a 

ll2j ^^lc-1 ^ a xi 4 (JL^-a Ale. AiLlla $.Lij ©jlc.| £-a d~Ak\)~x\ CljLiiLa C!_L>Ij 
aJjIaIa]! cij\jjjj\_uj£jj ^ja i^j^a ^jlc. Ajl^j ajloj ^_2 u^- A ^ .Aail^a AjjI^ 

A^AaIj i^\jtS^\ Aj^ix-a A-<Jajl ^^2 Clllj jjjLoi^jV I dll^}ia2 L_fll_llal Aj^LLa (j£-aJ .AlixjJa 
^ ^ ^ **ij3a i» a\\ (Jt^all AJajajl^J ^Jallill ^xqJjj A£_ujLalLa ^jjjjLoi£jI — o^C. ClaVL^. 


AjjjjJall ClL^LaL^JI jhfrnl (j! PL — Aj^ijlV^x a c_sl_i]al ^ja l x>ijl ^jJal^ll ^ja 

A-ijj'jjjK jx^ll lg_2Uu]l j Ajlaja^W JaLLill i^_lila^jj]l Aa±ia (j-a A Vvn^ll 

6 .Lai Aic. 8.18 ^^2 L_fll_iIaV I ^x (J (£ • ^^gjouJaix-ti]! ^2 
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^_dal j dl d^jj . LdaJ^U 4d^l ^g ^Luiij (JjAjLgII ^ \).^ ^^A j 4liilj *J3 

t^^lc-l CiL/L^-a Aic- . JL^-all jLpjl £-« (Wetting layer- WL) <— niajjll AiiL Sjjjs ^Lajjl 

A 

Jajoi j!1g ^Jl Ajjadlli ^pu-al lA^jUaSl dll^ld-G ^3 (jl^jjdl! Cll^LoL^JI ^)±ad 

. 4 laQ i\l ^j4 1 dC- Lilli 


da j^£JI Is LL111 AiUail ^ jluw di.iiA 4.18 
Energy level engineering in quantum dots 

dll^iuj adC. die (JlxiiVLj ^jja^j^.oll ^jSLai]! ^jl3]l L_sliIaA-aVl A A^^Lo dl^a. 

^3 l_ijc.^g]| dii co^Lc-l 4_ill ^jjdul Lg£j • <— fl^iLiujI — ^lui 4 jljq'i ^3 

di!3£j t A-i^j^H Jalllll dllixla adC- (r’Wldi ^jl Aj^jj-^aill 4_il I 4_lLa. 

ojj 3 di* iaSS c^j^l j ,'c>j±& 4_lgAI 13 Aj^ildll ^^dJI <j4i ^ jjjfUVI <jl Jp^\ UJ^ 
ddC. LgJ 4_1 -g^g£ -lalaj Ac. <g ^^3 l.lia. o^jLg!1g A_iij^jj£ij djiilla A A^^Lq (jL^gVLi ^ u^-il 
dill ^3 ^LIg ^_da^G 13 a ^ajJdiVI <■ llajoi A) ’iVl (JLgxIIujLi Alall^i^]! djlllLall 

10 dlldC-LiAi 31 1 g xia« \ qC- <1 jA-saLo dllilla 7 Alall^i* LgI^^I .lad d n*\ 9.18 
<» *h>!a d. 9. 1 8 lS^JI ^ .4djdi ^j^di] ^ £-* 1 g.*n*n dij^. ‘GaAs l>o nm 

4 Q j l-i j ^\A\ 1 4 LiQ 3 1 ~v. -^. ^ G t 'Uii ^ 4 Q tG > 4 1 1 4_i±la \ t d 4 ^^idll 

4 K31,q t> . U^ -4 ^ .('*9.18 j TEM il ^jjj^a ^3 (J4fA jA La£ tA-illlill 

J^JI ^^3 ^-da^-o ^A La£ — 1 ala-ui ^Qa-uil^J Alajl^lAll ^^3 ^al JaViVI 

^ajjdjj - C_llajai U^J -laj^)jui]l ^xuda d U^’l A \\x 1 \jl£ ^*9 J C_J.9.18 

ajLj ^-o ditkflall SjL j Ijdajl .GaAs J>^-1-^ ^ *>xAVi^ ^ 5.0 nm ^c. ^ilc 
• 3.18 J<; dill ^^3 ^ ^)J Lg£ c 6 di^. Ajli j^jj£1| A qjla 4 _i1j ialiaJI ( x-o AiSLdaj 

^^3 (Jl£jdVlj ^a\ ~n ^ V i ^_y a*J A ^i.Vl^ J ^1^1^ ^ajJdjVl~L. ^)adi 4 j ‘iVi ^.I.^Vual Edajl (j^ - ^ d\\3^ 
^3 ^_da^-o !3A .4 _ia 4_lakl]l dlliila 4_nj j oJ^ixo 4^ila ^j-o dllliC. 4JL^ 

2.5 nm dl!3 ^xj jiidJI ^ jj-iiVi— l. <aAd ^1^. ^ <j| 10.18 

^)-a^)3 Ajjuj ^g Is^llajl l^oJjabQ lidljJ 4 _ia^g^ 1I Jalii]l L ^5.5 nm 

£(J-g t flLilal (J44J C^31! 11.18 ^3 ^-da^-G dll3 .4_1 uj\_j 3 4-u.i^C. (J^ 1 ^ ^1] V ^ajj 

^J^G ^)ij«£a]i ^xull dll 3 dlVl-^3] ^-^11 ^^*11 .^ajJdiV! L alad ^j-G A q\“A<G ^j3l 

die. ^ jJdiVI-J 4i jlajauJI ^x-G Alixll Ajoi-g^. ^1 2.5 nm die. jjdiVI-J 4ijiadu3l 4 mil 4 j!^Ij 

•5.5 nm 2 >-q j3£! 
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/\ 
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in \\ 
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25 nm 


800 850 900 950 1000 1050 1100 1150 1200 

(nm) 

jjS' InAs/GaAs Jalii AjIsj JLoxluil 9.18 JLuJI 

(JLuJ! aLui-li^a InAs/GaAs Aj-i>a£ Liiii Lf Ja Jfr jJalaJ TEM lj (i_j) J (S) :LaUaIjl 
.Aiil jaII AJLaLl fjai 2 j«KU» (jj j (^)j ‘515°C Aifr I^ja* jj Cjjii 

. ^jjAjVL ‘ (jjJj SLaiaJI JjAaii LaUaiil 5.0 nm ■tic- Ai jjhiiiall 

t>) kW/cm 2 Ajuiaj as-jaLs cjliuu jliail PL — !l .10 nm <yfc GaAs CiIjc.Lm 

.(fUjjiil AQiaW £y» jib 13 



.ti jaj AjC. jAJI UjLjluLtll (jjj La A&liill AjjUa (s_i) j AlUall daLjluu (') uLIjj 10.18 
1.9 iAjla^oZ Jal&j (j^ sJjlla Aij]a .A-iaj^Sil InAs/GaAs iaLLi Aalaij f Lui t °L,^. 

jjJLa^lj .60 S aia A jo \'\\ ^Ualal .515°C iafr 27 S ^ aLola In As (jai AjJLai CjlLia 
iJ QMS lIuAjS ikuiljj InAs Ailjl aJi ja l£«j (^).l(K) nm ja GaAs ^Uae. AiL*^ 

Ajji^il CjIjjC- .(CAjuja) (_u]ajj LjljjJal jl AasjaS Jallj LjUJai £)IL»1I 

.(fLjjill C jS^ja'A\ ,^t « 1 t Ly> LPW 13 o*) — jll ‘■dj p j s : AjjISI jIL Axoi) 
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CIAjjIuiaII -Ic-liill l. <aj\ jj ^ y .Ijc* 

cijliixJI <SUi. ^ .(l_j 10.18 jlajl) ~65 meV ~35 (>« (Intersublevel) 

InAs lj-o Jjlall <31 jj (_s j?- *~5.5 nm Qa jjSI GaAs AlUuai a*j ^jjAYLi <3j3-»fj.a't 

^jjl ^A <iii3a ^'j! f iljjjij <jAj <JE-ji]l ClljjlauJI (jjj U 3C.ljj3l 

4_uAj ^5 Al (Confinement potential) jjaS ^ jj*j 3I <^jjj <iiJa3l CiAjiaia 

jjSjaj . j^L^JI ^_9 ^QjJljVI (J jc-j 4 ^ . A ’\t JaUiii] ^ A I Al L.AU Ajl^u^-AI Jje.IL» 3I 
L_iUaaVI ( _ s c.Lj j )3I <3j£]| i JLaxjjoilj ^jlS-all ^ diLuLA 4 U, J ji InAs <31 jl 4jalj^ 
<jj .£.10.18 JSAJI jna jA 1*5 JQuadrupole Mass Spectrometer - QMS) 
Jallill QA Jl jAI InAs jl i(^-£ jlaiudlj ^ jjAiV I ^la» a j< / j c~2 nm dlaj <jl gjJa jj 

- 1 j~’" <lja jl jail Alii JjL 4 ^jAlt 



800 850 900 950 1000 1050 1100 1150 1200 1250 

(nm) <>?.j-3l J^3=3l 

(jjj ^UaH jc-Liil JnAs/GaAs <±aja£ Jalli! | v>^llj JSAJI J- iiiA 11.18 JLuJI 

uuuijj 2 xj Alia ^jjAWL ‘ ikA £a jjlajll <Jl^jl f Ja ‘Jjy 2 A (jJJJ :<jC. jill CjUjiuiall 

<jj>jj»£ 3I LlAiSi <i*jj Ci j*. Ska “iflj .11.0 nmj 2.5 nm jjj GaAs £y> <ajiij <j3ac.| 
i515°C aSc. 27 s cJ 3Caj-a InAs <> 1.9 ML j-a <j]ial <jaii Ljjiu InAs/GaAs 

cr 5 ! ®j*M a j! ja <^jJ si jjj <jaliil i_ii jj ij»jjAj)JI 1 °A~' ^Uj| .60 S a-la lajl <aJU-aj 
a jIjI Cj ja. .CiVlaJI Jjaa ^ 100 nm <£Laau ^1 iiJ*J GaAs fUafr JaSiuu j»j i~610°C 
2 >a (jjL 10 ja.j^3 1 Qa) kW/cm" 4* An jalaJI <Slla (jjjj La <jjjjjaJI <jjIjAII 

. ( JuL jji!l <U£jjj>VI AjxaaJI 
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^-»JajJ 0j\Hj 12.18 J^l (J4JJ t^lilAa .A-Lqj^H ialiLi]l Ac. j-ay^ ^Ualljl is^j tAjjx^jll 
\-%* i \ ^jia ^c, ^ j ^\^t i 1^1 q *^ \ \ 4 n 4_a±Lali 4jjjj X-\ ^\ ' 


•jis-l 


4 lag'll' oJLau AjjtLo l_iiLjj1I aI±U a ^qV^'l (Luminescene) AjjIu>>' 1 <_£ .^c-ijj^l! 
.19 j t A-Lajx^ll A IVq'ill Ail!i£ iS ^ y^- ^J] P A s>2.0 Po dc. dal ‘mil ^9 Ajla jx^ll 

0.59 Po o-® Pas ^ -(SEM) ^jojLoII ^jjjj^lVl Aj ^ - ^q aIuJjj Ai« ^j W'il l 
40 ^1 A^\ A-i^j^ll A J-iVi\ 1 dllxdl Jajlvs l“ \x, > i 1.3 Pq J] 


Ajj^jJall AjjUjJalt ^ ^Ll^jVI (Ja£*-U ‘5.2 P 0 P As — 1 ^LiaVI £ij]l -iic-j .meV 
Iaa i^_j] -lal .180 meV ^ jj jVl 4-^.1 jV alslxjjVI Jajlv*. ^>>iV'ij ‘(PL) 

. a jjLaiaJI Lij o j'^W I Cjilllall fcLaa. <1L^. ^3 (Jxall 



j ill jtjjjjll JaiLa (jlS j .InAs i>« 4 alalLa 4-iiaLlj eLaia JaLLi aliLuC. 

‘Ua.ullj jjiba jA la£) jil ^1 4jjfr (j^> l ° ''■•*• « Ljl ja, AlaJliLaj InAs £iaia jj 4jaj ^ ji. 
jjJu La (jjA (lxl) < Lm4l Jjfr GaAs ‘UiiiLa all fr u ja. ^ ill JasLuall^Aj Pq 
.(E lsevier B.V. <> 53 >all qA ((4x 2) *LL eiel 

‘^ij^a P As Ajc. ^ifL] j c a j ^ /. . " (' a 'Li 5 dllaa. j\ ‘ ^ ala La P As Ale. <jl L^V 

4_ij j j'^W 1 dlllilall ^La^Vl J^xll (jJaitkli ‘JjjjVI _$aj aijLxjjVI LijL^. Jpj i'un 
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A^JI 1 Ale. Ijj^j c. gel j.^i*n cP^ s ^lijjl £a . <_}AAd ^ja 

SjLjj A_ic.^)ill ciAj^LaaII (jjj Ac. Lilli aIajj Lmj t~70 meV ~35 meV ^j-o c^.x^VI 
C(JI!1 a1I 13a ^3 .^ii^A P^ s Ale. oLaIaII djLiixll ^jjIaIII AidXjJa CliLiila ^Jl IjJjja AldJa 
A^jJj cAjja^)a1I A \« q \a\\ SaIaII A_ 1 a£ (J3a 4 \t.si\\ dll 3 (_£^}dVI A ja nil dlUajoi^A dlll£ 
A_ia ^a£ Jalll ^a! J^viVil A-Iaj u>iaj 1 g ^i^'i ^^A Aj^)I^)^JI A^JLxaII (_ja^)j Vill 0^)1^)^. 

djlkjoj jaII ^ ja-n j (Simultaneous) dial j3a!I ^Svill <jl ^daljll ^ tiill31 .^^IIaI 
A^j A3j . A.1ajaS1I JaliLllI dale. ja~n a AauAI^J (_£^)j^)da ^>a! jA t^t-ijj^ll 3-iat »Ja 1 g 
<jl (_£^)j^)dall L^° 6_j4All &Al^> A_llj^jj£Jj dlli±Ia dl!3 A_ 1 a^a£ JaliLl dlle. ja^ a ^LllV Ail 

. LdaidlA £tdjjll la* (jjfLl 

JaliLllI AaUa dllj jJjola £a (Ja\,3m11 (Ja*Jj-uJ <jl 4 ^)dl -Ixuj^aJ ^SVllI L_L^J j 

^-ujLujVI ^jilLllI . jaJI jj ^a jjj!i (^^l a^.ja jA 4 4 _iaja^1I 

(J4J ^aUall Ac. Lilli ^xl iA-IajaS II JaliLllI ^ ^)JJ3M ^A o^J^^ll 0^)1^)^. A_^.^)Al 

AlLiJI p (Ja A_ial_iIaA (J4JJ (_£ 311 6 13.18 JSdll ^jia^A I 3a . A_iC. jill dAj jLiiaaII 
Aa±lall A_id edJ j!l ^j£aj c. «ajS ^xiajjj InAs/GaAs 3>° AilldA a_ia^a£ JaLai diliic. 
£a ^£1 Aja^a£ Jal3l ti _ 5 -lc. (Jjj-a^li . A- 1 ajaSII JaliLllI £.Liil Adj_j!l£JVI 

50 .^| A ja n o^jl diL^.^p Ale. A_iC.^)ill djljjliioiAll ^)*_*-al AjalJa dilAc-lil 
4 T growt h = 535°C (1^ I Ale. t A q\'A a djlAjoi Ale. o^LIaII cAjjjjJall 4_ijl_iiJall L_fll_ilal ^jia^C. 
^SU-B • T growth ~ 480°C (^) j ‘T growth = 500°C ( c ) ‘T growth = 515“C (^) 

.90 meV, 75 meV, 65 meV, 57 meV '^Ij^ll ^ Ajc.jill cIjIjjIaaII AjojUaII 

AiUall djl AC- lilj A-1 ajaS 1I Jal3lll ^ (JIajLIujI i> _ 5 -lc. ci!13 ^jA^)JJ 

• ^A_lll Z- Lljl ^JaAuJj 6 ^ A L> i n l ^ \ A iAjLj^J-uiaII 


^lixi Ale. ^311 Aj^. jll Ja-uj^All ^A (^>^1 ^l^JI <j! a^jLujVI 4 tj^J 

A-iC.^)ill CjIjjIaaII ^sUall Ac.lilll Jail^J c!)LlAa .6 jj^^ll A-^.jA 

. 4 \ V i ^ \ ^ jin. (J^x-ja^Jl ^ t 1 i ** 4 L> . ^\ l Aja^a^II 3al3jlLj ^ 

<,1111 ^lAll Jaldll iulLaL I jjLl (Jsl C^aJ ^ja S^)l^)^ CllL^.^)A 

• 1 * 6 . IS ^-uiall ^3 aH-uIsLIa Ia^ t a^aiiII 
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E " E >U < meV ) 


fUjj SJjSjII Sjlja. 4iaui1jj Ajfrjil! CjIjjIulaII jjj ^jjsUail Ji-Lilil lJLiSjj 13.18 jLu^l 
<_jji ilia JC-Lj lj) j jj£) Ajl & Jalij Lf }& j j*. .InAs/OaAs JaUill 4 j o Vi 

Tgrowth (m) ‘Tgrowth = 535°C (i) :4 j]^ SJja. CjUjJ Atf. hzj\\ (jjj j±jJ\ 

o* Uua Uu iTgmwth ~ 480°C (j) J ‘Tg rowth = 500°C (z) ‘ =515°C 
f Jn ‘u^LiLu ^Ic- -90 nit V j 57 mtV (jjj 5 JjI£ Ajfrji cjUjIlu 

AiUa kW/cnr 2* ^ ^l&VI SjIjVI *-* ‘77 K jj c- “Lujjia 4-uLiuaj <UlaJI 

. (AjjL jjiJ) 4 j» aa H Jwa (jjL 10 
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5.18 


d J * A A \ A A 

«• *» t* 

Single quantum dot spectroscopy 

(_jx <C. jx~nx ^A <jVl 1 ^'u'^LLq dl^^. ^j\\ A-j^x^aill ^j-al^dll 

^pa^)*J A_ili£ 1 3jx.a ^dlVixll 3 JC. £Jjuj jii31 (jjfLi J 4 j 1 £xj -LaULil! 

-laj)^*s\i (J Ju^alij I 3A ^dl-v'lli ^a3c. ^ 4-yi (J^ J i ^1x31 6 -li^, £> jl!ix CjV^ 

dliUtdl dASUal j Sj^AIx Jall^l Aial jxll J^u^dl Aijlill A^dl Vixll (Linewidths) 
Jjjli Aj-q^a£ A_3a£j dllxdV ^dl Vixll Jadll ^a^)C. .0 33*11x31 dllj jJjLui^jV I 
A_ix jx^ll JaUil3l Ax. j^-nx JjJ^Ja ^jC. iajia Ali3a^.!}Lx ^j£xJj cO. 1 ITieV 

A_ix jx^ll 4 3a4*lll A_3l_i3ax A_3 Lolx3 S^jjSx dll^jl l“u*)^)£ dll^iuJI ^3 ^ 4 .A_x^a j)^4xll 

A_ix ^ x£ Jallj ^j«a^4 (Jjj^la ^jc. A_x£x31 ^j-al jj^adll ^jx $ j3 j jlgJaj ^aJ 4;, 65-68 

Adljj Jj)C. Ajdla ^A S-AA^la!! (jli cAiLLuJI ^LoiSVl ^3 Lx£ .^^iix 

ojLj c5^j 4 .(j4jjj (j-o jp£l I glWj jl c j£^j V j c(Two-fold spin-degenrate) 

(_jx dllxdl IjA £_x lllal jlix ^Jajj . l^jlxdl ^Liujjj t y-A 4*1 3a 31 (Jxl£ £(Jx <^3] S^)IjV 1 o3d 

aJjLi!a]| A_j£Lai3l djljdlj cAx jx^x 31 L_fll_i3al A_3L^. ^3 t^jUjjod ^j£lj p-A4i3a31 

; 

A-x-ujjJ ^jjI L Vw3 o 3^)4 'lx31 A_ixj)x^> 31 AJailll A_3l_i3ax d llxa'dil . ^)dl Vl31 ^a3x A_x_ujjJ c.^ 1 ua) 

dllxdV I 6 3d (J4JJ (_£ HI 14.18 eft dill ^3 Jim 1 3A . JaLij^jV I jd! jnx'll j ^a3c. 

* # 

— <— A3Uaj SjJlil IxjIj 1 0 3^)4 'lx A )aVil pjS (jj^Jall ^jx 

Ai^. j ^ jxVl Sjlc-j Ax.L^.j! (j ^-^4 XI «^^ 4 -o (34^^ Clalx-ljl 3a A_kJai^-lxll 

X2 Qj^lxxi^yi dll*jjVI u^aj ta^LjaVI 3 L 1 J 3 ! ^x .^-AAflall ^3 l_15j — 

^aJ . jjJjLxljVl 3a l_tjL^j (J*\xx^aj lx nj XI 3 AjJai^-lxll — A3l_la]l A^_^. ^jx I^JaJjaix 

S-4l^a ^x 3 j 3^. Clllxjji Jaa. 3^-3aJ 1 x'm c(BieXCitOIl) Qjnlx^jyi ^Uj dllx^jl ^j^a'^l V'n 
A3Ua 3j& p-A4i3a'i (jx 3 j3joi dl\j«_ijl 3a j ttillj ^_x ll^ljj . (JSI CljlaUa 3ic. 

^ j < < < n< a 3a*\^Lx vn‘i *^ 3 *^ ^x t_fll_i3a!>U 3 j 3a* ill ^3 .50 meV _jl.vix l 

cV jl . p-4 4i3a\l djlj«_ij| ^3 A j4j3all JajJa^H ^jx 3 j.hx 33C- 3a 4 3 3a ^3 ^ 1 j . ^jjj^ixx 

A * 

(jjja^i ^jlc.^ilx t(X4) (jl. 3a 4 ^ I3a ciiL*_ijV3 3a j s > i (J 3 y'uxil t(X3) *^4^.j 3a 3£-3a 

.(X6) 3j^ j Jak yjJa^li (J43^_J J^ilujl .(-^-5) 3*^- (jilljlxix ^jjjsUaJ 

(Jl x^aq 'l^lj AJ^Iax ojii-ua 1 g nj dl^l x^aq'lVl j Ig xuq'l ^^A Ja j3a^H o3A ^Jx~s djliUa 

.A_ix jxill A 3a 4 ill dll 4i3a ^3 
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8 jL$7 1 8 

p- A£jLj y-4 a^U' qjjjLuiSjVI J3iia AiLlxa ^Is- Jj^aaJI fj ja 14.18 
aJjiia 4 _u^a£ AJali 3jbt_ul 1Jf a jjxjII (jaujL (contour plot) laaa all aJjiia 

ulxjjl Ujllui (jl ft AxLLuilt JjlalLaJI Jjj .AjjjUaj (jjjjLuiSjVI a jJS Al^Jj Illo.6nGao.40As 

Jjbujl (j^aiaJj . a .'^ a . ' ^ cjlAu lJ Jc- (Blue regions) AjaLII jjhl i«tt Jjjj .Ajj 3 

jjjxj L-Ljla jill Aijla Jiuil 1 3a. AjjjS Ajj^j ejuj AiUa iJaLaau* at t , ,.".ti j sJJila 


Q-a( CjUjjjLuiSjJ AIuij 3a) j £)JjjLui£jI jjj La ajlj V 5 UlW 50 nW (j-a ejlaVI 8 j32 

.(Ltd OiUjj ^4 jiL 49 £a.>*ll 


j y-4 q^L»\) Ja . Li A 33c ^3 a jjlLa 3a_£j t(_jjULa]l ^ 

. 1 . >.aA xq p-A. iiiall ^j£l ■ ■’ 33c. (j^SLj La3jc y -4 a iLitl (X3) 3^)iLa Llllxajl ka kia. A 
La3jc 4 4_j^3 djljcijl L.jL>A (X4) j3ij jt J^Uaj L>A \t l3^j (J3iiujj 

ait.>i JJ (jUaill 1 33. 3 jxj tac-L^aVl o3lj j ^-aj . .jjVit ya-4 a^Litt dAjtjjl _' ■ -^a'n 

J. JSI ojIjV! *dljj ^ aa>» 1 ,y-4 Q^ll dladl l" n^. (X5) 

.p-AA iLall tilljA QjfLl l-oAic. s-^iiLal! (X6) j dlsdl Ja^. 

dll ^- ujLujVI Id-all d^Jal ^cjldll od (JJju ^ o^C-LoiaII dLLuia. dj^^.1 
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(Electron-hole l_isj — jjj jjSII i.lil.vi»4 Ajj A-mll ai&j o^c. 11 IgliL^aj aj«a. 

jA .1E.I j3 Ajia-all dll^aljiill JjLij .Aj^i j^ll Jalijll Complexes) 

.67,49,47,46.;^ ^ 


Quantum Dot Devices 


4JaiUl i j^i 6.18 


^9 Aj^jlj ^±1 CllLljl^aj j <c.^ILq 4_ia ^a£ Jallj o 4 axxi'qll l^A ^9 ^jjoSLlj 

4 llfl^A S.ll^)3 L>° a^lijjalVl (_J^aJ • Aj^Jx^tII Ajjj^J^l^M ClAq nWill 

4 i >1 t_fll_l]al t- o^\ j i uX !4 i ji^ t\ l 4 j 1 i ** t t Q n Wt\ t Aja^a^II it l Q \ \ \ \ 

Its (jia^)C. 4&^)l^aJI 4^,_j.l] 4jJai^-Lo 4-luil xxis 4(L0W chirp) AjJai^-Lo AJL^Luj t^LLalll 


. 4_J jLall L-Jj)J» 11 £_iLg Jajjj i j j 4 ^JjJa ^pijl *s*1a 


(900nm-1.3|un) A-ujiil f) j^aJl AjuiSU <L-a jaSJI AJaiU) lj! jjJ 1.6.18 
Near infrared quantum dot lasers (900 nm-1.3 jam) 


Axxi.Vig \ 4.18 ^odkll ^9 ClboiS^j ^ (J^aJ 

^3 TEM A_LxuiI^j iS^ AjLxaa ^>1 l*i 1 *1^1 ^9 jjois'i £a CliLuta-xjj 4 _ia ^a£ Aia^j 

4 Qx^Vi A_lajaLi]l 4 *<j)a ia\I ^9 4^aj)a^ 11 -laliLiH o^A A iaYi (_j^aj *3.18 (J8xx)ll 

qa dllaJall £-ix-a .15.18 jA La£ • p-i-Tl (Jj-a^a 

£-a tAjjjoLA _J4C- ojlc- ^A AJa-uilll A <ili ia\1 Ajj-uia ^^Ac-I Jjliaj " b CLj13 ja 

(_ja diLiilall ^j4J ll*ix*x i (Jja A-IajoLlll A qJ-i ia\ 1 CllxjJaj . (_j^*iq*sl (jjOaJ 6 ^^3 

• 15.18 (J8x*xi\l (Jiuit (J^llVllI l*i Its a ^3 ^-uia^A ^A La^ p-^jj ^ja \. )\» 11 djjq ilill^j 

£-3J t^q's'l ^JAA^UIj ^glc-VI ^ ^AA^yllll! laJ^JUJ ^j4J c ! 5“'4-^ cji.ikii 

. A lixxi *i\l Aj^£^)a 1I A^Ja ia\1 p- dllq ili\l i^a 72-Cllliiia]l ^ja 

SjluaA Igxxiq’i ^ jas’i Ai*j j cA_iaja^ 1I j 

J ^'j Ajjj^aJ Aj-i*j (JA ^cjIj ji^-a c" llxYil ^ja (Lasing) Sjjjlll c*’l.w*i .ClAjjJj3 

^jaj cLll^la ^^-aIaVI (^^pi-a^liill JaJ^jjai ^jji^aII t Ljj)S*l\l 

«. alajoi ^jC- A_uj 1^)J (JLaxJ-uAj . AjaViII oLajl ^3 A lixaill A 4 3-^ *t a \ \ ^ij^A]! j)\ xxi^'iVl (JaIxa 

*. q I? xxi ^-a a_iaja^ a li^ i (j^Aj 1 10. 18 cJ8 xxill ^3 La^ 
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Jallj j£l ^a ^-980 nm Ak A_ikajl <51^ CjIxjjI 3.0 nm Ak a£1g ^ jjAjVh 

6 10.0 nm ^ .VUl 1 g >>six \ ^jC. A \a djLilla 7 ^ja Aj^^°_J ^alikjlj LjIa AlIaj^aA Aj-g^a^ 
c77 K Ak gjjtij Ia£a 16.18 (jjjj .ajliLo aIL^J Jj^SA dilxkl ^Jt ^Jjjj 
Aj^ix^all claLiiLall AjAkj .300 K Ak aasI^a^ ^jllUll 17.18 cJ^^ill 

JsuOij j . A yx 11 Jjj3 Lg jliill *^*0^ LaAk jq^A'l CilxkVI ^ aI^Ia!! A*JI 

^AaL tS^U-aall Aj^j^jjlll L-flJjlV^l aIL^. ^3 IjWll Ajaja^H _LaliLi]l ClililLa 

* 

.(^£1 C > U,<. Jajaij) L-flJj)Vl\l (J^la i*ajl Ak A-1 aja^ 11 Jal^lil AjjJa^H dlVl^it 

J th =15 IjjaS *77 K Ak .(J th ) jliill Aalf&J Ia^. AkaikiA ciAik ^jq Vi ^£aj 

J th = 125 j JjVI S jli-oll AlLaJI ^ 2 mm aJ jL $ j jJ e-kjV aJL*. ^ A/cm 2 

S jjJ ^-kjV 290 K Ak .(af-AaJall 1 mm aI^L $ jjJ L_kjV aIL*. A/cm 2 
cJ-<LJall ^a djjJ £a 430 A/cm 2 J] JlfLaJI Iaa a_l±*JI SaIjJ Cj j^. 6 5 mm <1 jla 
13 ./-Aifkll gJ J th =490 A/cm 2 U jA3 Aik 1 mm aS^L jj-aSI (j\& ^k 


Ak Ajaja^H A AV31 A_nj (JA .11 A_ilaii]l kjliiLa A )a'\\ <_£ ^)j^jjJa]l ^ya 


^^3 A.iaja^ 31 Jalkill ^^aLiaj ^IklA ^^a c£^ (_£A liil (~540°C) AjJaikiA A^,^)A 

a!_jaj A_ia ja^II A AViH ^j±i AV UaW ^_L^.\ A^\ ^’^-gIIj ^Vi\ 1 .oil ^j-G t(Jxal\j . jKaB 

AjaYi AIajI ©Ale. c > i\)V"i Ajj_jjl]| CIjIAjjaII aSL^. L^ajx^iA j cA^aIIII 

Ak. Aj^k. A^Laii ( x-a oLaIaII Aj^j^iIII a! 1^ ^^3 •* i ^ A Jalaill ^JjiajJ Axj AL^ja 


AiA^IkiAll ^aall ^-a AjjaII djlxkVI I Aj^. ^jUak t540°C 

(j! AjI dujl c^j£lj .10.18 xaiII (j^ 3 ckLajudll AjujI^jA (j-® AkiikiAll 


.Aj^jlill ^,1^1 Aj^)j-^ 2I ^-ic. ^Jal3 ^)k\j A^ ja^II JalklB ^^IklAll ^ ^-a!3 


Ak <jl£J| ^3 Ajj! A^JLx-g ^-g oLaia A-j'jl /‘iAI A_ia^a£ A Aq'i Ak (JIajLIujI ^ 4^1I1a3 

Ak A j3-a Cilicia ^aj oI£L^-g t, <>Ag \ cAiLiSA 30 SAaI 620°C Ia^)A3 o A^.^)A 

c - A 

a JoVill a_uj ^3 t^2a .MBE aJojujI^j GaAs ^ jaV‘i L2lc. (^jAxlLk CjI^^jA 


(iikj 94 meV ^jIaLaj ^-AiiLall ^3 ; ^j1^a\I ^3 Aj^jI^)^. a^J1_*_a ^-g sLoIaII A-iaja^H 

^_ia j (j A ;»^j. A inj Aj^jlLo 

.40 meV Jj 68 meV qa 2jt jill CjUjIuiaII Jjj ^ILII ^c-lilll ^ 
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(+} 


.AJxuJll Aj&laia ^ Ajjs jjS laliJ 4j p-i-n J ^-a j-« i i ^ jjol Jjj.ll ^IfljlaAJ ^ujj 15.18 j£-uJI 

# ^ ^xuj j jjj ^plakLa]) ^ ^LkLjLaII c^liLd 

• (VB) jaLSjil (jUajj (CB) (Jj^ajjJ! (jUai ilia ^A JimSfl <ji <jo*a (jaljaS! JjUaiil 



(nm) J>i=> 


A ■ u li^ * Aw LULi ul j AJajjall AaLuui! tjljjj] ^A 77 K lie sjjjiSt 16.18 JSJlJI 
tjUUaxa (PL) AJjJail A-uUJailj (EL) AJLjJall : jjLuil i y ojlaa wi^laj JUiil 

■lift Ajjjjill AljiaJ) (' -Jbjjll ALiia j j S ) AjjjjjliVI dilaJail ij\ ±1 Aal! (JiojVI 

InAs/GaAs AwjaS lalii 7 u-a fljSl sJfaVI d)j£u ■( cr lcVI Aejjia i-Ljlaj Jljlai 
<> ^iL 13 t>) 10.4 nmj 2.8 nm lie GaAs cj|j&lJ>j L - i ^“ fr» 


685 





(nm) >■> J 

A-iajaS Js'Aj Aj) j <Lu3jjxJ 1 A^Luial! CjIjJj] 290 K Jic- ajjjisi 17.18 

AJjaa AjjxJI iliaj EL A-uLj£ 4]| A-ulauai) i_aLlai : jjLajJ! aJja. ejliLn CjVIsj JU4I A ■ « 
JUuJ) Jji l^uiij Ajjjdl . { iLj ic-Vl AjjJaIII (_jA Ajjjjj£]| AjLiia JjAaa^ (JiuiSfl 

13 ja. >»]| £x«jB u^\ j 1 —^' (> 5 nm, 1 nm, 0.5 nm <^a Jljlai .16.18 

.(fUjjil! a^jlaI I iy> jib 



AjCjiSI tlibjluiaB (jjj AjlUa uIacLj ljI j AjajaS AatLi] 18.18 JSbiJI 

cSJ* C j B J A a 1 a] a ljUjjlI PL “LujjiaJI AgjUbaB AjLaJl f. Ja < aljlil j i j . 4 a'" A a 
(t_i) .(jJIjjJ! ~480°Cj 515°C j 530°C SjaS^U SJj*. Aje Ig-jk- 
ij . a ^jjL 68 l>*) 850°C Ajfr 30 s Sa* RTA Ulilj asj l^-uiij iiiliatSI 

. (a-bjAll A^Jt-aJ) 
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3 ^ gic. A_iajaS\ 1 Jaliill ^Jdldl ^ jdl ^Jc. J^l djLuil^p id^Jal 

.InAs/GaAs j>A Jl^ a» a^aII aaajaSH JaliLii] ^Jdldl ^ Jai \ A-ijoA-ujI djl^dlj 
^1^ ISIaIa cdidc. ^Jc. A,Sj u*i\l (_)dlj ^ ^aII jj^M Axj^jja A_J^>^. aJIxa (JIaxILuAj 

(2) 6 25 meV j ~90 meV Ajc. J]| ciAj j'iuuII JL^I ^c-IjoII j3 Jaj 

AJaa^Lo jJjj (3) t(~200 meV Jl) (jjjjVI dilaL J J^ 

Jc. . (~12 meV J] Vjjj) (jdLd jJj diUdVI J ^dalj 

IJ coIaIa A q\"A a InAs/GaAs A_ia^a£ Jalaj dlldc. Jld 1.18.18 (jSjaill (_pa^)XJ tjllall 
jl 4 (b Ad*JI) 68 meV j t(A Adxll) 61 meV ojd Ajc. Jll ciAjju^ll JLL Jic.ld 
(Jjj aIIILaII AjSUall (Spacing) Cjl:ic.ld]l Jc. J j^^' l (_£ja. .(C Ad*Jl) 91 meV 
Jaliill OJ& c-IjjI S jj^JI S^)l^}a. )iu/i A lot J jl SIaIaII dal m \\ Ajc. J]| d\jjLiiaiA]| 

^Jdldl Jail dj il^)dlj c_j. 18.18 iJSdll jjjjj 10,1 1,50. jj]| \ g a^ ^jiixiA A-iajaS11 

J A \\ 'll (jjq*\M 850°c dc. AjtJ^jjaill AjjI jaJI A_JIjla]I j)A 30 S (JIaxJ-uAj A-IajaSII JaliLil] 

AlUall Cj\j jlluiA (jl ^dal ^11 (jA . GaAs jj ls^ In As (jA a_iaj)aS\ 1 JaLilll ^J^l 

. ^Jdldl ^aII Xloj J£l LS^ A q\'A a\ 1 Cjliixll j)A Jdlj A^,jjAA]l A-IajaSH JaliLii] 

djj Laa A^ILaII djllixll ^-Aq AjjJajVI dVl^JI Q±l AiUaSI J (jjjll ^jl J ^i*3 


J tcillj £a j . Jdldl £ jaII jixj meV a* J lja. J] *I-^aJ 1 dil n»,\\ 100 meV Jc- 
4 Ajc.J] 1 CljljjliaiAl! jjjj ^£^1 <JlIa]| ^c.Lall ^L-al IJ (jl£ C A nat'l cJIaaII l^A 
AiiaJI dilaJall (Jd . ^^aM ^xj A_iaja£ A_njl_^. AiUa c^IVa''' Alixll >." n'^i 

A_iaj)aS 11 Jaldlll ^jl Lil^lj A_^,j^)aa]I djllix \1 A_jjl u^n\l ^3 t.* ddJjudll j 

^3 A_^-jJal J A^Vi ^al .JjAill jhfrnl dtJ ^*21 Aj^)ij^a]l Ailj£j dilaiil^.1 

# f fa 

l£ jLa ^ dil^ (J^j .Lildlj A-Iaj)aS 11 Jaliil] PL AdjjJall AdljjJall Sduj 

^palidjl jy j L5^ ^ ^ajaSII ^£2! ajjaj 

a_aujI^J1 jIjVI o^a l&-° ‘(Dislocations) ^ jld 2)j^j Jl Lj J Ad^dall AjjI u>i\l J 
^3 A_daidjA AjjIjaa Ailj^j dllj Aj^jlj ^±1 A_ll_^. ^3 d u*n\ lj^)AUa 

• (Initial) ^^ ,51,52 Ad Jl a_iajaS 1I ialdll A-c. ja~s a 


j| ^a ^aUaJ (JIaxJjuAj 1.3 pm Jl^d A_ia ^a£ A_Iaaj djl^^l] AjaJJ Idajl 

c > ijuii IjJ IaIajaI ^jjJLia 1.3 Aia^a^II a AV ill djIjjJ dJlj dl t .InAs/GaAs 

1 . 3 A_iajaS\I A A Vi 11 djl (jl t A_iddl ^^3 . CLi^ L-aJ^U Aj^jjaJI Ad j J£1V I dilfljdll 
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S-l^oa-II daVa Axd3U InAs/GaAs A-Laj^ll JalLi]! (ja 4 <a Vi A <a ^gA 

3 ^a jl A.Lajxdsll iaULi]l A jda'a £.IjjI ^UaJjaiJ djlxj^Ia (JLa*JjoiIj A_ilc. y^aaJI <_£ ^a. Ajjyill 

A3 j*ll o jl ja. dc. 1300 nm djUdl ^Ic. J j x ^al l j^-aj .(Cladding) AJddll 

4^jjd^U jj£l y»*a3 AjJ 64.18 ^dl) <* (JLa*I1iuj1j 

JalaiSI (j-o L_aj3llj InGaAs U JJs Jladdih tylda L_ajLaiL j\/ j 

Jalaj InGaAs (Jlaxdjl xd>* j c-a^a. t l*113 3 -° V d 69 7f) . a_ia j^ll 

ijdaSl ^Ic. (Jj-aa. 6 InAs/GaAs A-Laj^ll 4 A Vi 11 dll^)3^ Alla ^^3 4 La ^aC. 77,78 .A_La_ 9 -a£ 

^oaJI y Jl U> dU <i!13 . JftVl J jlaVl d33 cdldUl AlU J Cd*bVl 

Adlla dal.iC.ld Jj A-illc 3^_^J ^ k^-xkWA AsUa dal 3 A_ia _>* (Jl^al datxdl q±i 


t^Jj^aixa 4 AA ^^d Alla. ^^3 ALalall da. ^x-saa. j A_iC Jll djLjJjaidl ^j±i 

(Quenching) djd S jl j^- a*. jJj (^ jia jj) Jji c£ jl Lljl*dl JJ ^j-aj 


(dl^J Alla. ^3 Jdll oAxjj daldxl Ajjail_i2 ^j 3 dllaa.y d]31 .£_u!a 1I d_llxdl>ll Adaidla 
dlla.^).il da. jl Jad £-a AIsI ^La ( j Jd-a 1 . 3 Jl ^a. dc d_alxdl da! 3 Aaajx^ll A laVall 

d 1.3 Aaajx^ll A la Vail dll^J $.ld A V^a y 79 8 L (To) S^)j-a-a]l &y^)aJI 

JJI Ajld J V) 6d^)d-a A V^a ^^-a^-a^ll JJI Jc. ^ dad-all IJ^LiLa ebl Jjli 
(j-a j 6 <j 1 . 3 dc. ClaLtdl AlU. ^3 I Id jjoj^j Adxxl _jj 4 1 A^-dalj ^ajx^ll 


j^^Vl diUujVa ljIj 4 _iaj^£J 1 ^liilll CjIjJJ (- 1 . 6.18 
Red-emitting quantum dot lasers 

£»uj| j (JLa-a ^3 dalstdl V-III A-Laj^ll A A Vail ciljLiuj 

A^^a£ A Aq'l Clal^^l] ^3 J)^ ^ ^J^a Clalstdl ^jLijj 4^liLa3 .AA^^a]! (J! ^aVl 

^a^. 1 CliL*_ijl dal 3 IjjI 3 A*_x^a-a Ajlaja^ Jallj (J J-^a^JI .A Ix^i^a c. 

(j3jj .GaAs S (jj3 AlGaAs y=kl^a. ^ 82,64 Jl*ijVI aJIc. InAlAs c ^lua JIa*ILojIj 
^^joudl yLaldall qa Ajjq^.all (J-al^aJI ^jl ;(Jl 3 -a]| cJ^jj LS^ 6 19. 18 (J^-dll 

Jalij dlVl^ ^1 (Jl*3 J^-;n Ljlj^ (Jlada y (j^-^ cAL-aixa A \)y& ^x-sa^. Adj ^3 
(_£ Aa ^3 ^)ld A3l3£ Ajjc. ^-a 7 00 nm ^ I 3^^° l -— ^ >l*dl AA^Ljj 4 dt3l Aj^jd^a Axa^d 

^gllll ^^>-a^.VI dalxdVI djl3 ALa^dll ^ A Vail dal jjJ ^ jl Alla. ^3 til!3 j tkW/cm 2 
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<Jjoi A^.^a A x«oqViA 4_^^p .lie. 10% 4-4^ IgJ 

JjUS Ig’iL^i ojxtluiA a^ja 200 mW (j-o ^>^1 quasi-CW S j ai^ 

24,66,83 dj\ natll V at nj ClA nar 11 V ^^Ljaj ^)J^laJ ^C-Luj . ^ VjajLllI 

VjUal ta3j tlj u*n (J*\ Clll^ cAjj^aII iA 11 j (J^laMj 

[ lc Via 11 _jjc. ( E^ ) )n uaVill 


PL(E,T) 


^ e -((E-E 0 )/n 2 

l + ae' IEt-E ' /kT ' 


(1.18) 


Vj-uiIa (E) AiUall j (T) V^,^j.l] PL AjjjjJall A-jjLjjJali dAuj £_iL C 

Jaliill e lkiYl ^jJjoiV ^9 Vi^Ljaj VlLail^p dj.lC.Lui .(D £-uijJ iS'^ (E q ) yJiill 

a£jjjoi 1I f'l iVa"i ^ n ■ , n jjl t " n-s 4 (ternary alloys) 4 -u4j ‘^l j-a 5j j£-all 4 


84 


. ^jjijL^J-a JJC- Ixjai jJ 4_ul jjjxll 



(ji 200 mW (Jj* j-4^1 lijlxjjl jj 4ia>a£ Alali jJj! Jj! » jjJ oalji 19.18 JiuJI 
,(j»_j]*JI ajilij AjSjj^jVI *U« aail ijjlj 12 JajaI! ija) SjljA 4 ajJ -Lit CW-4-ui 


~1.5 Jim ^jUju^ V 1 ^ 4 ^ i '4aij cjI jjJ £.6.18 

Quantum dot lasers for ~1.5 micron emission 

4_La&l 4 }j ■ CjlAuja!i]l 4 1.1.18 ajoi 41 La^ 

^ LJaij (1565 nm JJ 1520 nm) C-(_ 3 U=ii]l ^ £-* cCjVU^jVI ^ 

jIaj 4 4xjV 1 ^p^l j. ^i^' l .(1610 nm 1565 nm) L-JjUaiil 
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jji InP ojjS jll 85 .InAs/InP el j * j»Uaj JLddlj d^LdiVI S ( »£^ll JL^-all le& 

InGaAsP Q-« 3^3aJI ^'u^i t j£^u • InAs <_>» 4* 4_L«^a£]| Jaliill 

O-a ^ 'i^.a'1 j^.1 (_ 5 ^jlLii ~ 6 InGaAlAs t>s j 88 86 (Quaternary) 

*-" \» n‘i Lg_il -l^.j .13 j VL^la Aa^^-q Clll x \ ’ll ^pai^-Lo (jjllaJ IGaAlAs 

Sj.ia] LhLjj 20.18 o^. 1*9 -li^ 

i£i tCBE aIxJ^j InAs/InGaAsP/InP a_i«^£ AlaVi jj2 aIU. ^ jliill Ailf£ 
TEM ^JaLa e^)jj-a Ajaiij (J£joi]! (jAJJ j *1640 niTl -lie. Clllx_lil 

^1] A^.L^. i^lLiA Jjj V . Lo .1^. ^Jj A-daliloj A_i£J.lJ Jaliill n*\ Aiajaull A qJni^ll 

^J| Ajjuiillj JUJ! (jl^ La£ A n» 11 1 .1^. AjJaiVLa ^j 3 ^^Ac. <J jj-a^AI l Vlg \ ^.13 j J^i'q Vi 
j] .ic.1 j InAs/InP .il j-<Al ^Uaj j ^ ^ cGaAs ^gic. a-^jUJI a_lg a In Vi 11 diljjJ 

•InAs/GaAs ^Uaj A_i3 ^ ji ^ill jjSIL <ja j-i? <2 



E J )h ~ 49 A/cm 2 / T = 77 K - 

\ s' <JJx. ; 1 % 

\ y/ ijijJi ^ : 2000(.im x 1 50pm . 

0 “ “m I *| l i i — i — | — i — i — i — r — | — i — i — i — i — | — i — i — i — i 

0 50 100 150 200 250 

jLdl 4iliS J (A/cnf) 

dajd LULi CjljjjL JLa^> ^1 sj± 20.18 JSjjJI 

Aliuiljj i y^A QD jJjil jGlSl 4ilj£ Sjvjj ^jidl » jj£1 Shi J -InAs/InGaAsP/Inp 

S cVl S ^Ail l 4ilal»l! SEM j* jlala » .~1640 nm lie diUjjl j c CBE 

■ (fLjjill 86 >a]| fja) 


jjJ (jjGjjj CjlkuSauJI S a K .* ^ (Chirp) aIjoiLJI JIaj 

■ " ' A nr, r 1^1 (. ) ;A ^_3 1 X IxJl 5J 4 j . A J. .1 II ■ ^ . O^Col_Ui Jj ^ ^ ?,*S\ yX± ^JjjLoii V. 

(On and j ^iail Cl) Aillc. dice jl Aic. j j^il 3d (jiajc. odjjj 
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Cliluall ^ ^aLou]I Sjljj 4_J aJl£J 4_J pal A'ky>\\\ Ja j)aall pa jp. Jjl .off Cycles) 

cIjXoj pa p JJ£nj\ AiLoiA ojljjj cikh (Chromatic disperssion) pjlll 

AidLuj A Aa^-A pfc Axa jaSII AJakill dlppll d«lp 3 j S.I1L0 (_£pal A^-ala . CL^\ 

(X = - JaaJi pa^>*J pi* x -o puxiVi JaIc. jl i^Ail poll 4dl jplll Alla C5^ p x-al 

JJj Jl a — ! aJIc- J (pa (jl .l-uAII ja g dua. 47 t/A,(dn/dN)(dg/dN )" 1 
dil jpl J (Filamentation) A\U\\ j Jli — p£pj 4 (p*Jall Jajp^t dil jpl J jLja^a 
pill A.iajaS 1I pljVl AlLa pdxj ^ . (Jj.lanll 4 “ 1 V 1 AiLdLajj 4 AjljujI pi A^.Luia]| 

J Ail cAil^ll jLi^p! £a Liajjd paiaiij AjJaiada jLij AiUiS dc. 4. UxiS Jxl 
. 4_bad]l ^Ldij A J-»q i pia ^Jaa. (jp 4_lpuAj 4__ijad]l jljp 4 A-1ajaS 1I A 3a Vi II <dllpp3 Alla 
. A-1 ajaS 1I iallil] p)al Y'iaII L_Lud]| 4. Vja Aadj Spixx-all OC ^ap IaI 

AjLia J£\ dl^aj d A_ia jaSII A J-iVill dll pi (jl Aipa jA Ljajl ^LajA^U pjiaII 

92 ’ 93 ^l^ll £jJapAlA 4_Ludll (jV _jLaojVI 4_lpX piald Ajjpo p£lj dllc-lxjujVI JaI 

p<a p£ pdpAJ ^Jxl &pp3 ^l*d£U AdapLAH A. 1 ajaS\I JalVillj _jpl dlljpj dpJa! 
L-daxJI AjIVuxiI ^±n .pa pa^ll pull Sp-al Ig IaWi ^IlJI Ajc-bdoVI Axpjl Jc-VI .lall 
4_ipi]|j 4lllljjp£]^U (Jlatill jaViII pA A.iajaS 1I A AVll ^Jc. Aaj 113I ^ nil Ajjaia-xdl 
(Jlfljjl po .AaJI ^gJI pJpl La-o 4 A J-iwi ill A^IAia!! ^2 A-1aj)aS 11 JaLLill AJaxwl ^jJa^xalij 
A-UajA^>ll A JaVill o^p_a.V Ajjaid^JI A_mll pa (Jxa_a .<*_iola jX. ^£I^)a ^Jl ALolaJI 
jpu dua 4 6_j^ll A_Jl*JI dllqjiJaMI (^J AjuLia C ll.\n (JIax'u^iLLI Aaj^La p^l 
.Lg^liaj jl AjAiliill ^g-AjA^ll p^ll a^pa.1 (Jiaj ^LxjolaII jit- dll ^ j^jJauII 

Ajla ja^II JaLaill L^_i2 4^ldA^U SjlSj p^VI Ajj-alaJI (jj 4 1 pal j 

.^gJLill ^a-udkll ^2 1 ^ jAl^Ljj 4 SpJJ (_ 5 "^l 1 fl-l^pll (JLa -0 ^LaJjl pfc 4 Aj^M1 A^_jLola]| A a La iVI j 


UluIj liJ JJ i_cu 1 jjI 1 AJallll Cj! jjal J. 6.18 

Widely tunable quantum dot lasers 

A^pa^ll A JaVill dll^jPl] pal^a ^»aI p<a o^alj ^gjj ^-aja^II p-aaJI 

A±aj)a^1I A La Vi 11 4 ^ u*i^ 4 Lila (jl .IxauIj Liilp 4 Lilpll 1 g (jl l ojlp lAp^l j 

Ajp-aJI dl Aa j>>ia\I 4. <ajl pi] <Ll^]| ^pl]! jJLaxi 

4 — il jjJ pd 4 (JaAILj .(Semiconductor Optical Amplifiers-SOA) Ai-apJI ^_L-aj 
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AjC-Lilaj-aV! £a lg,g jLujj ^jiaj^)x]| 1 g UjA L 3 j A \ 4_iaja^>11 A h\\W 

1 .mil l^ya ^aJ^jC. (JL^-a ^3 4-3l^ ^Liujj (j^-o] ^-3 ASj-a1a]I 

— ^ jjli ^^2 ^c-Ja ^.IjjI ^jiaJ^)*JI 4 _iaja^ 11 4 AVill lui^ S^)A\Ja] JajoijVl ^Jc. 

Clil^JaC. ^gJj CllL-aj JjUoiSI <jJaJ^)C. (.“ j\ C n«s t4_Jlc. jIjj dllil!a£ ^jc* jjJJ 

(JLa*I1ujIj <alii»-a 4_i^.^A (Jl^lal Ale. S^jjl ^Jc. (Jj-^-sa^J! Ldajl ^j^AJ “ 4 . Cljl ^La^jLi]! 

^^3 L_JJ^]I ^)-a^,Vi d lV‘l <*_ujI 4_IL^. ^^3 La£ 4(JI^IaVl A ql'A a L_flJjl_^j 

^ UJjj 21.18 cJ^joJI ^-Jajj tJULoJI <^5^ .o^lc.1 17.18 j 16.18 

A )->Vl\i ^3 4_jJaJ^)*ll A^LuiaII (J jh ^jJL&lu 4_ilc. (J ^aJ c85 niB (_£.1 a 

(_£ i JLa*Huil 4 dj jjlll a^-j* l! j^a .InAs/GaAs jj^ 4_ia^a£]1 

jl j C^jjI^ajI jLja-aJ \ jUia (jjfLl Cj' JJjUl A&P 

4-iiljJ ^j£-aJ d rdiA ^ja C-Jj\ , V ia\1 ^ jA\ 

A x a~^ a II 4_1a^a£ 1I Jal£ill£ dj 1^ ^ 

d_lV^ ^-AAlLa) A aJL^JI ^ja .1x 21 dj^l-^-ll ^ Ja~n ^Ld] ^j£-aJ 

t Liljj (_£.1 jjJ 4_iaj)a^11 A A'dll d_lV^> }a~s \ £(Ja 1I (jl . L_Liia^l]l 4_iila 

<300 nm LS ^ Jjjj Laj LS la. J 200 nm 4-^ajc 4ja.j*]l JljLVl J-a JL?-« Jj^ Lff ic- 

. <Lu, 4 Uq’ 31 AiLla CjIjjJjoix 4 . -■ \ Lxjj ^113 



.i_aj_jajJI Jl jia) jjj j lu (85 nm (Jj^) Aj4i 4jaij Cj) jj;A! ciJ jUI 21.18 JSjCJI 
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„ j ^jLuuJI (IP) fIjAaJ! iliaJi AjuibU ^ ^Ja * Ajjj kUA. a 22.18 (JLUI 
IP <Lu ja£ Aj all a jj^ aJil jlad) ejlalal] TEM c _ 5 -^ia jfr t_kli a jj*aj (ia-j _j]|) 4j£Ua 
Ujlj An <) all Llilll j ja .(A 4jj*JI) IllAs/GaAs Asia 50 Qa 

CjVl-k (j^> liVUUsn (j - 4 Jjjj JalliU 4 ,'^kA. ‘ aU .-.lajU'l JjJ*j]L Ajjala 

£-a JAZ $ ! ("iVi (j mu Vi (continuum) dr'nall ji uJa ijjII ALJa A-ia Ajallil 

. (fLjjAll ^jSjJ-aVI «" Jwa (jjL (94 qa • °~*A a) ^ alii ifl Jjjjli AjlajaJ 


4 _i«aj^£j| ia Lilli dil j Ajjjj-lJl CiL^lxaSI A. 6. 18 

Quantum dot photodetectors 

l" i Vi <xJ£kl 4_nj cjLuJI J\ (22.18 JLAM (jjjj 

■— ^Ic- jjLLu (Q uantum Dot Infrared Photodetector-QDIP) <io>al Jala! (_$i 
AjHl 21 j . ^Ajc-^all ClAj yu.;H CliVUijl ( ^sLSLq 2^ .t-.i al ((jUaill (jjgjJa 
(Quantum well infrared jlJl laxj ^ Cl^aj Ajtl^U 

Jaliill tji Cl^aj AjlI^U ^ jjJa\\ jjSli tphotodetector-QWIP) 

CllC-Lllj x. 1' AjLII ^ - i" \rA di j ^UJl Jj±l aJAxIla (JlAiila A_ia^al]| 

\9 in \ W J) t\ l f, \ *t*t l t l ** *N. \ \ 1 ^ ‘‘t Q 1 s-\ S \ osul 

Loj A-Lqj^H A J-iVill dllilLa ^3 CIl^LgL^JI (Jl_^.jl . J^iLa-o t ‘" ^“i 

/lixtll CIl/LqL^JI ojlc.j .IxJj t-lallill ClA j \j j J)^.l AjLoij A Jo * til 

0 J).1g V)\l ^ qV'I'N a\\ (JjIaliA]! ^3 <jLujV 1 3^ H^I .(Ef) (_£jJjolA 3^ U^l 

J^xll <i j^k CjXaUJl l" n^k ^ ^jJ-uia ialai-Aj 

(3 -0 ^ V’lg'uAixtll JU^JI ^3 ^jxiAtiVi -LaHi]! d)V^. (j-Q L_J 
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A 3-i'q \\ A2l3all ^jUaJ 22.18 lum^j 33 k ^ ) t(Jl!iAil (Jj u*i .A_ia. ^ a]| 

A nu 0jlli5l . jIxjVI A-dIjoII (WL) C_lliajjll AlJa diVl^ Cll^J dllifLa £Jjl CJi A-Ia^-*^ 
^)a.l ^)iax21 \ g t.s-ix \ (jc. 4_L-aiiA Ijj^ Ax a~na InAs Aja^-^ Jallj 4_lla. ^2 oljjl 

.a_ia ja^II -lalilll ^2 a ix>\l djLa±la]| ^jl£-ujV (Jj^x!1]\j l^ILLujl Ga(Al)As 

A^Luia]! dJI^j ^2 A.1aja^\ 1 -LaULill .l^C-j li u^i 4AajLoi]l aLuiBVI (_ja2jJ Ia£ 

aIiaI £a L_SjC«^)a 1I ^Lui^lill (Jla-A AjLoiVi £a 4 Ja nil CllUa-uj^A A In * til jJ 

(JLa*IiujI J^a ) t Jllall (J.) U« . ^IajA^I jjJa ^ja Aa^^aII (Jl^laVl -lie- ^Doia-lll 0^.1^ 

(JLa*I1ujI (_J^aj ^2 (13.18 x'2l J^ll! j ^~N^ll )o U.ol ^jajII Aaw^p 

c> gSL . 10 ’ 51 ’ 92 ’ 97 ^1A3A^1 Jallil! AjtiZj ^<\W ^JajA 1! Ai*ii2! s^UB JjL. 
A IxAiaII CllV 1-^11 _jl Adla^ll A <n All Ajj^hiaII Ajajia^II A A'q \W lL^V^. ^ja 

cJjaIIjj .22.18 l£221 jAj Ia£ 4f.l ^>AaJl di^j a*2l>U l >axa^j (Continuum states) 

A_1a ^a£ JaliLill ^ £a I^J^Lajujj tl^C-lij^l JaJjJaj C^alaJl a jl_A ^jLilkl 

AiiC." 1 TEM LljJa^jC. l» A<1 a 22.18 (J^jaII (JAaJ ^jjjj c^II1a2 . ^uxrvMl (Jla-A .llWil 

Sjj£j ^^Jc. cIaIa 30 nm I^Ia^i GaAs AL-aila InAs A-ia^a^ -Ailj Cili "A 


Ia £jjJajd] (Moleular Beam Epitaxy) A4pJ>=». JIa*^! .(100) GaAs 

Aunll c^lijL <c.jI1a 4r~520°C He. a_ia^a£] 1 _Ata21 InAs (j-° 0.54 nm 

Jalilll dll 3 g.l^)A^ll C* ) Vi Ajljoi^U Ad jdall (JxuaViII £-L-a ^’^.60 S £*1 a 

(Mesa devices) ijpA Sj^l ^-L^a .^-ia^a^ ialij AlJa 50 l^ja ^iaja^II 

aIsjaI^j I *GaAs I ^^Laxa]! ^ diLuSj JIajCIaIj 

A ^gic-Vl ^3 ^jLuiA^yllill ^jl jAj^ll ^JaIJaV^I 

cAjj^-aJI diLuiLiaSI .Ajjl^a. AaJl*_Aj ^-^j!a Ni/Ge/Au 

.S^jjjtliA AjJ^a. A-^.jJ (^^- AjJaia-iA A-^-j^ c-lc-j) (Cryostat) 

(Fourier transform c_fllikA Ak^l^j -£lsJI (_5 J2>. 

A 

JSjjill TEM ojj^a jjjj Ci^j ^SjjS j ju^a a-o spectrometer) 

Jjt^i^'l i_sj^ TEM jja^I aILo-o JLJ\ dilajjail 22.18 

cr * J 20+3 nm oj^a 4-u>^£ll Jalaiil .12*11 dila^lall ^ jjSL.1 ^ 1 » ;'<~- 

^IjiLuj ^lilaj^al LujLluI 2 :(30 nm a ^c. 122 ^ 2) ^Lo . " w .■. ^ 

. L ** t l Q \ l—i \ 1 L Q \"l A ^\ \ 


AjliA AjJaia-iA bj)\^y^. A^.^)J ^2 AilaJI ^(Ja Aj2\ jJ-»a 0jllij 23.18 cJ^jaII (J222 
Aa±la 50 ^' u - t ° AjLula Aaa^a^ Jalij ^.l^AaJl c" )^k"i Ax2j!yU ^jjja-A 
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ojlj'VI aAjx oAti^ •( B A mll"| 30 nm aSLojoc GaAs Cil.ic.lxo ^-o InAs Axo^d Jalii 

iallill <aUa ClLljlkxo jl£J LaXjAj lS ‘kW/cm 2 AjtCaJ W/cm 2 AjCj (jx 


f d, p, S Ajji 


c58 meV jx. AxijliLaiSjVl Ajc.jill djjiuuJI l jii ^LL ac-Ijj ^-o Ajjjjdl AjjLlc]I 
&^)lxo]l C^ldl A o .3.18 ^ajdl ^ Lo£ 4C_uia^)j]l A ix3a3 cbtiil j 

AjLila A-olalixo Lo Ax. ^A A_lo^oS 1I JaULill J ^_Ic. JjjLolil! o AxxJl 

• 1.5 jam G* 4 a21-ox.I A^l- 4 ^ aajIj 50 Axj^ aJIx. cl^xli Aiilall 



_xA AjuiiU ol j*j 1I Ajjixfl ljVI-a ,_><aj*j aJIaJI f.J^> Ajj^a 4 23.18 JLuJI 

77 K Ale (PL) Ajjjdl ACUxSal! ^ylc. .InAs/GaAs Ax«>»s Llli jj <0 j^aJI 
a^jlaII j- 4 dW 94 jxJI <j^>) kW/cm" AjlCj ^ I 0 j 532 nm <>*>« J>!aj a jlia 

tjC>oSn 


U ."' \. * H A-iajdall A_ul_uAall . pi \ !~>V ^ \r.V I a^lfiVl ulloi 1.24.18 (J5 .1*1' 

4 j\ ^.'ui'Vl i Ax j'lLo ^jfLojj o_ula^i]l AAlia JUlijV AxC ^ ^x j-o AiUJi jjx-o Bj A 
(J£jall ^_3 A-o^jx^oll A_ix c-o£Lll Jaliill d A did AjlJAU y >i\\ oil AjoAj1a]I 
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g3 g$jli L5 -lc.' UJ^ ‘Bj A \\ InAs/GaAs Jaliill a 1 \ j ^ 3 .c_j.24.18 

AfjUa .(A ~ 4.1 /d m ) (j-o 3 j>^iI L_ula^)!i]i Aa3a j £-Ai3a]l CIjLjJjLoi^jI 3 ^ AiiUall 
ciiL qa AiL2a 3] ^_Ai3a]l 3'° gjUjjjVl 

^3 Aaa^aII djlaUall ^1-A^.j g}-aa»9J PL AiJjjJall A3l_iiJa]l 3 V 

djlaUall VI 334 .Ja^s (jj^jj£JV^ ciiVl^* ^.I^a^II c" i V Ajl 3VI gj juj.iV glAjaj 3 ^ 
AjIVuj.i 1 (JxAl fcciiL ^gic. £.lju ClAj j3^Vh Aj^aLVI tdL C St/il g^.k’' C_j3^ 4 aa^aII 

3) C_J.24.18 gj^JOlll ^3 AJAJaVI Jalij]l g^j c“lV A*ju 3U g^JjjJall gj,.l*YAll 

.1^. £a 1.24.18 g^9 LijLij 5 '-<Lla]l £j33 ^ja xs-i\ A9l_la .lie. oj^jlll 

3 I 3) g-a. jj ciUi .-280 meV 3) -140 meV 3-° Aalkll gjl^A 3 3 ? L5 -^i 

LujLoiI Ajaja^H Jalilili g£j q.1_ja*\ 11 c“ 1 V Ajuu 3U g)j.i"t a!1 AjI Vuj.iV g^Ac-Vl 

% 

VjLauj (^3*^ • c. \33^ ALiia 3] SjIiIaII pj s CjLaJall gjjV g^jJI cLiLj 3^JVI JUftl 
160- A qJ-i iaII g^9 AjajaVI JaULill g^j gJ^jA^ll c“ 1 V Axjoi^U jinoll gjj.i-VAll g^9 ^r 

3^_>^- 3] .Viaa\1 Ajl9j^a]I AsUall gj L3 g^ljj . 6 a 11 g^al j>AiaV 1 ^3] 220 meV 

3j9 aUAia'I diVl^JI (J) SjjjjIaa aja ja£1I a AV ill diVl^> 3 * cliVl^kVl 3) -500 meV 

AjjUal! ^Ia9 J-la-J .22.18 gj^joill g^9 AiUnll la la A. a g^9 ^a La£ GaAs 3^^“ 
Aa3a AfjUa qa c_j3^3 ^ a ^9 ^jJ-ula ^9^ AjljaiVi g^ jJjoia A A * xil ^j AjJaiVLall 

^_^.jVl ^^ic. jA c_j.24.18 (J^joJI fjk -90 meV Aic. jj» ^11 l-j^jaII 4^liiA9 .cjjLjjI! 

^.g32 Aja ^a£ A Aq *1 g]^] CjLjJJ^I Ajjuj ^ja 3^ ^3^ .f-A^Lhll ^j3^^ aVI g>-° 

oIa 3-° ISUajl .jUm 2 \oj3^Jj 250 ^g-^Vl AjU^VI 3^J^ c"n^ if-AlAal\ 

5= 0 > 

^.a tiili .Lu3*j jUm 2 \AjA ^ a£ A Aq'i —60 g>^ Ajaja^H Jallill Ai\j£ c!j^)^3 

.oAA A, 1 a Vi 11 (_5^ TEM g^3 JjabQ — 'jl** i a gg-^ 1-i^^^Aj Alaj)*s\A\l Ailj^ll 

3 J& gg-^ JjJ! gg-^* AajIHI g^-nllj Aj^)laA QPID 6 3^a.V A Ag a Ajj-alV 

Lj^aC. Aja ja^>\ 1 _J^Vl gg-9 ^)j-aaJI oIVj! La! . 1 jaI^Ij ^3j £■ J- 1 -^ 3 gj*u*i V L^jI^aIj 

UJ ^a S 3 j £ 31 gs^ 3^2al^ Jjl 3^ » ggJ^A^^^ 31>^^ olVil to 3^3^ LS^ 

03 ^-^V 3 ^^ . gg-AjA^>H cIjIjjIiuia]! g ) -0 t A 'i^aj Vj © 3 ^ 3 ^ 

.o 3 j £ 31 (3^ Aj^^aC. C_jUailLujl Aj^^-® AJ g^jll g. Ja^3 gjj.uj.iVi 3 ^ QWIP 
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0 100 200 300 400 500 


(meV) 43U=> 

jalli 4jlj fljAaJI Ci&j 4juiV ‘LuyJa Cjl i »% al <_ r «laU J j jj q aj 24.18 JSjjjJt 

AJali!! (i_j) .WL AlUa] 4awu SjJjjjISVI UjllJall | !) . I II As/GuAs 

.(fLjjill ±qx <\W £y» (jjLi 94 ijAj A *LuAjL»l! IP 


(nm) 

83 62 50 41 35 31 



150 200 250 300 350 400 

(meV) jjjjil' *30= 


Jalij (_j J uaj 4juiV o j * a - 9 ls^ ■•■^'4 Jjjj o aj 25.18 

.(fLjjill . ijt «1 1 o-« 94 £y») 60 K ilfr InAs/GaAs 
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^9 ^j*u*i*v ill AiUa (JL^a \\ oCIa jlp-J (J^aj to!>lc.l A_iSJ ^lujl LaS 

25.18 (jJJJ . 4_1 aj,q^ 11 _LaljLi]| (_£C C‘ 1 Vi <*-uj^U 

J (JxuxiVi £a ("C A \iall 4 _ia ^a£ 4_La^j (_£ j C* 1 V Ajt-uj^U ^^JjjJa ^jxi^kX) ^^Ac. 

<jLuj| £a Alo.33 Gao.67 As ls * Jalaill ^ .^^Jalj 

o j^p £a cA_illx]l Cljl9Lla]l 4 pjAill Aj\ Vu 221 CliV^)jl .n-lxlO 11 cm 2 lA^)^3 A 
(j* ^cjIj (Dip) iS j* Cf 2c. ^_Liall ^ jlaj .(5.0 pm) -250 meV ^ 

o^A (j! 1 jli .c^iaa CIiIajoi Cl2>lj 1 t.^x) 1 (_£ jp*\j 4jl j.Ijj U^J 

<a±Lj ^gic-VI ^jjaaII ciilc Jj d j pj s ciilkfLall (j* clA^\sliA Jl jj <22>ti3l cIiIaa]! 

Cllljjjj£C)U 4_iC. Jll CIAjjIuiaII (jii jUa (j^a^LkllujI Jaj Ia^C. c L_lilajj]l 

c80 K ^c. (Responsivity) ^IVLaiVI C u J .AE pd - 50 meVj AE sp - 42 meV 
^ic. - 3 V Jlj^. oj^ cJJ^ All^. J 0.1 A/W 2>* J Jc- Jj j ^=^ lS 

• ^detection= 5 pm Uji O^V JjL 

VI VhJ <JL^a 4-1ajx>^\I Jaliull CA A c- 1 ^a^-11 C‘ 1 V Vljol^U Vj jjJall dj\ 

C‘ 1 V Vla^U VjjjJall CLiLui^aII ^jla\ ks-x\\ VJIa g.l_j < a 4 vll C‘ i V Vlaj^I ^9 £aujI 

(jl (j^A} jl^ l )» n)a I^aj l-illc A x a^ aII 4_1aj)a^ 1I Jaliii]| j;a‘i 1 t(_]x^]\j . ^a^a^II ^!n]| Clali 
Jc. j .(JlxijV! jl jl i^^Jl A.yfu ^jjjjl Via ^t- £Jum jJ ^-A (I.1 aC. ^^ajj 

c.” l Vi <xjoi^U AjjjjJall CjLoi^-all C (j^A V*ia 11 ^iC- ^IujjjII AiLjaVlj cAaaAI 

^Jj iS-^jp <9lii£ll ^ Vu*il a-iaja^>H Jaliill cijl j 

^9 ^aLujj ^jl cj^ - ^ 6 A-1 aja^H A J^V^i (JUujjj CiA$\^l 1*jj <j£aa11 CiAA\jLu^\ ^9 

^ k\]^iW ^pa^)*Jl ( i^yA V'ia ^J-uj jj (Jlx9 J (_jjjjjd^l2l 

A A/ ^a^a£ ^jjjLujI c." i Vi Axja^U j->-^a 

(J^a'1 aAl^. ^ AX/X-40% cjj^ u^- C5^ 4_Lkj JUC. ^~20% 

i dal qjjj-iMl ^_ja Ai^xll ^^9 .25.18 Ajaj^II Jalll]| ^.I^A^JI c.“ ^"i Ajljoi^U 

C > vnj ^a 4_1aI£ja]1 aA Vu*)V1 ^a ^JauLiIa AiIIa^VI aA Vu*)V 1 ^jj)^u<.) 

^4_2c' j . <jl Vuj,iV1 ^ J^LLail! C t uAiaa (JaLxaj U-J^ 

J AujLoi^. A_ia ja£J! Jalilll CIjI j ^I^A^JI c." ^ Vi Axjjj^U C1j\ ui^^ll 

^LuaI j C1 j\ qj^lviW o^c.1 j cAiJaj^c. AAVuul Cl c^aALaH 

^A^Vi Cll^Jj J, JaII (JL^aII ^^9 ^J*U*lV‘l\l ^ 100 .C^W djlc-^AiA ^)A Cj^xll 
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900 1000 1100 1200 1300 

(nm) J jJaJ' 


Aa jlLa A_n] jj SjjU AJxujI jj A-ujlLa Jju 1\ Aj dililklll 26.18 JLwlSI 

ajjAj^L jlaJU (14 (j-« AJIa 77 K (i) :Aj-aj^£ Jallj ljIa Ajjjj] CjUjjJ jjC- 
300 Ate- a^£j jjM (ii) (( 3.18 Jltifl ^ TEM S j>ua ^ ^uaII jj^UI) 5.0 nm Ak- 
Aj^aji aJIa 8.5 nm aIp ^ ,jjAjVL SijiaJiuj Saj^j ajLL ^ jjal ajja (iii)j (K 

.(SPIE (>® jib 48 Cy) 300 K aIc. 1.3 (im <>» <Luj£ Aj^j-*£ aLH] 


a_^.ja ^jc. a^. ji±A SjIaI AjujILJI (Photvoltage) Aill j3 jj jail 26.18 J5 ju15I 

iS^ lSJJaM A jjaII (ii ^ W^\l j A3^)x]l A_^^p Aic-j (i ^ W \a\\^ A 

SALI^. dAiila C .3.18 TEM (jlxal! A-Loj^H Jalai]| 

^ jl (PL) A-iJjjJall A^LixAall ^ Ig )\c> ^jjLull 

aIUJI Ailii£ 0-3^ Aa-iic. (j^L^A-o^U LuiLs Ajj]^3jj^ill .(EL) A-uL^^ll ajjI^uAiII 


A_nJI i}j^- A_nlj3 JA jaJI ^ la»"i (tilli ^Ic. $.IAj . C1l>LgL^]I qa A_JI_k ^x2l AjjL.o'1 

^ jj La£j Aj^j ^Uai-n l_j^) 3I ciiL (j^fL <jl vnj .A_ilLk LaAic. Aj^lall 

A_ll^Jl e(J-a A-jjg UJ^A (jl A_n]j 3 jjjill C_fll_iIaV (( 6.18 J 5.18 

. dAj jjL^jVl dal AAxlLa aIaULoII (JLsti^U (JjJaSl ^g_9 c_fil_ilal J 
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(jjiju .Ajjjjll! CIiIa jjaII ^ AxJI Ajjqx.rall diVl^ll c. \\^ jiil oAii-o SIaI A_nl j 3 jj^ill 

Aic. L-fljJa/liAll ^jjAjVI (j-o aAj ^. j AAlLa Ia IAjjA 26.18 (J^x*ill Hi ^ WiaII 

Aic. 1.3 jim (j-o AjjjS A-ia^a£ 1I A-laiil] A_iJajl A_ll_a.j (10.18 jiijl) 8.5 nm 

.^-920 nm Aic. a jjaII J] i. n A jail AlfL CIi^j ajliiA CliVl^j ^ 300 K 


AjClIiaual 4 jjjjjLui£jJ CjLuj^j AJjjLu 4 _w j^£ LIU J. 6.18 

Coupled quantum dots and artifical excitonic molecules 


C gin A') A jY<i*n Ig jlc. ^_2I IjjI j Ailaj-aAll A_iaja£]I JaULill dl^ljl 

(jAaiiaj (jc. Aj j^)Aa Ajla^a^ Jallj A_x-a^)3 c 3 . 1 8 (J^A’ill ^3 Alif-all ^ jjAjVI 

A_iaja^ 11 JaULill ^>-q ^)j£l jl (jjV^Jal ^^UlIa ^ Ja n Ac.1_1a11 A^Lajuj ^3 ^^sLjaj 

(JLo*j-ujIj Ajc.1 \l~n.si\ ClAli^a. ^^Ic. J j-»-aaJI ^j£aj ^ dull Aa] _jA3 AAjI A'iaII 

. Iaj^. A_ijj^j£lVl Clllilla]l dll A Ajj^)AA]l A_iaja^> 11 JaULill ^ja dllc. ja~s a! 1 aAA (JIa 

Jalilll ^ja ^jdidla ^j4J AaLuiaII ^jajlxIxi Aar_2l Aj^)d<a]l dlVl-^-ll (jl^jiiVI oj3 ^jjjaM ^j£aJ 

(jl^VI ^ A_1 aj)a^ 11 Jalilll A_ILa. . IjjIa Aar a~sa11 A_ujA£a]I InAs/GaAs A_ia ja^II 
a^)lal Via 11 AJLaJI ^3 <jc. A_ILa2l £(Ja A-j^)g a l i4 nm o_jA3 Ac.I_1a £a aLolAll 

Idajl L-ula^ill AAlLa dlVl-^* .23 meV J! ^jAaikVI dilsUall a_ia ja £ 1 \ a Aqlll 

26 a^jalriAll ^Li^l ^_£AjjJ Iaa 6 lW ^^" xll lUtij aAdj Ajj^jLq 

(_ja £jj ^Jc. ^dA^ij-o A_ia^a£ A Aq'i Aj 3\ jliA AjqVi L$ A5 .J^\ meV 

ciLLujlil A-isLjaj A_ujI^)A f.\ A q\‘‘A a Ac. Lia CIjI^Lojoij Ajj^)Aa]| A_i a ja^H JaUii]! 
ciLLao]! • A-1 aja^ 11 Jallli] j3l_ioi]l ^j| All L_fllilaj-aV 1 j Aar, Jill A ^^‘iaII A_ia ja^II 

Ja^. ^ LoL^aijl A_L-a^j j! j5Vl A2ix-aj (Entanglement) 

t0j\2jll aAA (J1a 27.18 lMI .A^UoaII A_ia^a^ 11 JalAill ^ja Aj^-j ^ j^l/cljlar-ijV 1 

4 ^1 AAaJ ©AC.Ll1a A_ia^a£ A_^AJ l ** 4 q ^ li 4 1 1 ~v 30 meV jjii ^LL 3] 

^ ^ j Q 2 

(Jla-A aJojojI^j ^ \jl ^jj-a ^j^ajj tA_isLjaj c1iLuj1_ja 0^-^ .nm 

a AA (_^1 a (JIa*JjjjIj A_iaja^11 CIiIa^LlaII A_aJLar_A ^3 ^aL<uA 1 cilljA . J 3 jiIia 

A % 

(jj'V'ijj CllVl-^- c^lj ulVil (jAatlLaij ^1 tA_iA J-<^11 AjI jJI *>” iAjjjLJl A_iaja^ 11 Jallill 

^ u^il A-ia.lfiqAll e-liJl AaJ i i jS±n\ qSIaaja^ 
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AAlLJa •iC'Lu aS s- T = 60 K a! & sAjiid Jal&j t iUJai 27.18 jLiJI 

l^iLuaj sAjiia <UayA Ajaij Luajj CluijA A3j .4 11111 8 11111 £h* jjx1« d JaLaJ 

i-ijSSfl AfrliiiJ 30 meV # jas ^Ua JLaijj AJla. ^ <j4jAj caVI^JI (jl jSl £)| ^ jil) 

. j»aaj] AjSjj^S?! a ji «•>'! ^jaIj 102 Cy 1 ) 4 nm » jas ^ a]1 


jSljjdV'j JiaJ) CjIjjjLj £.6.18 

Electric field effects and "Optical Memories" 

d£UUJl Vljt3 IsIaIII Lijlj <L-£3 ^a]I c. b Vq’iVi 

L ^ jJoaa) a 1^1*1 d . Lijl^-o AjLjJa^dloj A* i\l dlV^ A_iJ jdall 

Aic. o J) V'l^-k a\\ CiXgUJ ^\^y) jlxJ Lg ojlc. .1^-^Ja-uJ -lie. Ajtda ^au-g i 

(J-odlill b-jLiC. ^9 A-iJjjJa CIj^LgL^. oJAia t^Jajaili 

ASUall CjIj jluix ^Ju jA j ^jl ^j£-gjj tLiLta Jlc. ^j^g£ ji LjojI jA .(Passivation) 
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l_j^)3 A_iaja^11 A_ujI^) 3 tL_jLiujVl 6^J ^ ^ . ^JajoiSI l_s^) 3 A n'Ng.ll A_iaja^11 ^ \\W 

dll j A_uj1^)^1 j A_aa£a 11 AsUall CIjIjjJjoia CjI^LjjI A A^^La] ^Jajai]| 

.4_i^ll A ]| AjJaC-Vi CIiI^Lajoj 

JaULiil Aj^a-^ 21 ^^-11 ^Jaxull ^ Ajail^p L^ajl ^IajA^U o^jjIa 

o^_l .(In-plane) ^jIi^ha!! ciL^LoLaJI A^^a. aJL^JI o^a C ^.w c.” ^’^aja ja^II 
£-a aL 2 J Ajifla ^^li aIaAIg InAs/GaAs A_ 1 a iallj (.“ line. AjlSu Clj^}^. 
CIA-a^Iaa dlLJj.Jl o^A (JIa 1 ^}3jj *GaAs (j-Q AiLi3^) »U aC- djli±La 

c_L-aj] ojjijua (Mesas) cIsLuiia (JL<ix!1ujV aIsI^a^ a dal 3 aJL^JI ^jc. o.iiiA 

.l^j A_iaja^ 11 A JaVall dLJjJ ^3 Aj^j^q.oH ljj|j Axa^-aII A_ia^a£ 1I _IaULi]| 

(jV t^Jajolll (_JA l^)Jj£ C_J^)J5j LoAic. AjI^J ^1 A-lAJA^li A laVall ClaV^. (jl 

L Vq\‘i q±i (_}A3lli]| . A-1aja^11 A JaVali (JljtijV ^Lk^jjoilj ^lajoij £.Uaxll 

dlxjjl ^^3 ^jJalj ^j-a3i_JJ ^Ja-uill dVl^J A_1aja^11 JaULill ^3 AjjjjJall Cla^LoLaJI 

qii ciLyLaLaJ! JIM .~10 nm ^ 3j' AJac.1 A_ll_a. ^ a_ia ^a£1I a AV all 

o^c. ^aj^j ^LqjA^U g^jIa Aj^)x^ij dl_jjj\j ^-lajoJI j A_iaja^11 JaULi]| 

•l>0® o>IjL» 

A A^^LaJ ^-Lajoill ^)A A_iaja^\ 1 JaULill AsUa dljj!luiA ^jC- ^)lHud]l 

c^IIIaS 1_7 ' 47 $ AJLaJl $. Ja A^IjIia JLaxIIujIj Jallj Ac- ^a^-a! A-ijj^J^lVi dl_a2all 

Ig )\c- cAjJai^-lA A_^.^)J (PL) jjJa LijljjJa L_fll_llal 28.18 

5.0 nm ^c. ^ jj^j|-L_aiajai a_ia^a£ Jalij aJL^. tkW/cm 2 AjuJ^j ^j-o SjIjJ S-Ia 

(.g,/ 1 , ^/, /?, 3^-°^ ClllLia 5 LJaVt J $ ij .5.0 nm j 100 nm 3 ^ ^.Uao a£Iaujj 

Ajj"»> t^«o t (jj»ij\ -nMI -Llij a^. j)a~n a aJU. ^^3 ojlc. <j! {_£>-&■ j La^ ^.y) 

ja£ cliiAjaill ^.UaxJI djl3 \jjI5 A x a'SaII A_iaj)a^\ 1 Jaliii] . L—Llla^)^^ aLlL 3° t> - 2 * Tllj 

.55 meV Ajc-^ill cIjUjIaaII Jj l-jjijIa 

^j-al ^ ^Jalj A^lj t6.0 nm ^1 10.0 nm (j-o ^.Uaxll a£Iauj ^jialiiJl 

^ia^J ^)a^.V1 ^ja L_J^)i]lj A-1aja^H Jalllil Aj^)j-a21 

^xL^i\ a^Lola dila^.^] .28.18 u^f* 0 ^ 

^^.Aij3j InGaAs ajAcL a Va^aH In As A-ia^a£ 1I Jaliill ^3 

(_J^J .In As S-l-^3^" 0 ^ ^ AjuJ ^ l3J^\ ^ Cljl3Ua]| 

^jIo^joij (j! ^ij^All ^aJajoill ^jj)A^>l\ t" LajjAI A_Ai^ 3^^) ^Uaxll c.“ n^>. Sic- ^3 jjj 

A AVill AsUa CjIjjIiuia] 3jJV! L — 3 J*^ 6 A-iaja^ 1I AJailll 33^ 
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cJ^Vl g.U-i » \\ aJL^. ^9 .a_ia j^ll 

A_ijLiiJa]l SJjuj ^Ijj tciill £-o j (^Jjj-aI! ^^Jajoill 

•5.0 nm (_£^ ^.LLaiJI aJL^. ^^9 1^. a k\* ^ AjjjjJall 



as \ a*u\ Sthf a jJauJI c_ijS InAs/GaAs Aoaj^ LUll aJIa fj* a^LLa 28.18 J^U) 
ljUJI j-<a cIaIajlujj! j ckW/cm 2 AjuLjj 77 K Lc- PL uflULl Sjb! .t^J! jLIuj fUaxl! 

.(fbjoil] (jSjjxfy I (jA ^ib 106 £>*) .^LLj^U Ajjj^Luj 



(Full-with-Half-Maximum-FWHM) J a\S 1\ iJ *a!k\ iaJ! lA^I jJ u (!) ^ 29.18 JluJ! 
Alula ig y f y d, p, S dULLl! £9 ja jjxj (l_j) .fUaxli A£Lua 1 buu PL AaJ^ual! AojUJal! JUxuj 
.(fUjoill i ^£jj^V! all £y* £pb 106 ^ja1\ <j-«) fUaaJ! a^LauJ U_u (WL) t jjk jll! 
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. frUaxll A^LajoiI Lxjj ^iiu 29.18 

CIjIjj^lJI j c^^jLoull ^gij a\1^ \Z. ja^ a\\ ^jijl V ia 11 £^y\\ ^3 lIj! ^iitlill 1.29.18 

_jjC- £_uj jiill ^3 ^-^.Ha jlj^j! t^lLlA . ^ (jj ajII ^1] a!1^ PL Ajj jjJall 4 jj\jx>i11 SAjuj ^3 


AjjjjJall AjjI^k^iII J-a^s <_pa^)C. ^ja Laa tgAkaall A£Lajuj ^jiali^Jl £a ^ajI VIaII 


(j±i\ <\a\\ jjc. ^joijoSI ^3 SjLjjII .46 meV ^c- 4jjj L> Jl 30 meV 2)-® 

1* i^ja .^Jajoill Jj L_J j^\ Aaaja^H JaliLii] kaj^t a!1 ^3 ^£1 djl^iij Jj 

■kill (_ya^)C* ^3 6 jljj J] ^pjjl VjaII ^AC. £_uj jjll ^3 SjLjJl oIa (jl 

LaI . J£ll ^3 ^jSlii^A ^ja 1j ^)Xj-al ojlc. ^A ^jll JjaII A±a ja^H JaliLii] 


t ^a^$\ i. iu«“i ^jll tAjLiSjl e-llaiJl <a±La ^3 (JI*a£>U ^J^Jl ^.Lk^pjjjVl 

2)1 2)^-^ c^Iaas . ^ujl vIaII ^t. ^_ujjj]I jLp^l L_njai]l <Jc> 

Aia ja^H Jalilll A-LujI xii^k J£1 Jajoill ^ja <aj Jll 4 _iaja^ 11 ialiLill AiUa CIaIjjJjoia 

£_uJ^i]l ^3 ^ALujJ 4_1AJ)A^11 JaLill] ^ jIajoIaII ^3 ^Jl^ioJtJl cj^ 1*1^^! 2i ] J a!1 


52,97 


. Ac* j^~n ^>11 ^jjaA^HaI! 


AJjjJall oAuj ^3 ^aJjuiaII 1.29.18 (J^**ill ^3 ^j±a^\\ Jj ^j^aII 

<JjalJ .^Jajolll I^JA Al A JA^ll Jaliill ^aj l_j!_jj31 £_a J£ll ^9 LjIjj^a 3 LaJ AjJjjJall 

du£ t^JajgJl 2^ (PL Quenching) A-ia^a£ 11 Jallill aa j jjJall Ajj1.jx>i'1 

2j] 4(Jxal\j .^Jajoill 2^° A-Iaja^H ^jIjV 1 <11^. ^3 ]^^!)La]1 Ajli ji>>i\ 1 A-21 ^u^all 

<j^)liAil i a-iaja^\1 _jLV 1 jl a-iaja^ 11 Jalaill <1L^. u. \Vi\W aIa^Ij ^-*-2-21 ^jLac-VI 


(Jjj-alij L_J.29.18 (J^jaill ^Jaxj .AjljolaII ^-^Jajaill ^aVjII a^lc-j ClS^ 3 sla <iuil]lj 

^)a^V I AiUall lIjIjjJjuia ^Ij^jl AiLjaVL . A-UajA^ll Jalllll CliliiLa q£- _J^1 

4_iC.^)ill lIjIj j u^iaII 2h^ ^Uall ^C.liill ^ ^L^jl <la^.!>2Q 2^-°^ ift^lc-1 Clb23 jj ^^Illl 

tA.ic.jall lIAjjIoiaII 2^ ^olilll djLJ .(~65 meV 2)- 0 cs^j 55 meV2>- Q ) 

2 )a <^jL jVt ^gJc- ^^jjVl e-UaxJ! <SL^. ^ (jjjVI >^2 ^ *\hh\ \ ^IjJ^VIj 

.^JajoJI L_J^3 oLaIaII 4_1aj)A^ 11 Jalilll CljLliLa] AiHall lIjIjjJjuia ^3 ^jj^aII ^J^ll 


jIjj LaAIc. qa^] £a S-A$ j)n\\ AjjjjJall A^LiiJall (JUaA 30.18 cJ^**)ll 2 Ht^ 

^.UaC. <1L^. ^3 2 >- q 2^^ j»^*all 4_2ljjJa]l oJj 2 V .kW/cm - 4_*jJaJ 2)-® AlljUj oAj2j 

<Sl_i2] 4_2jjJall ajj\.h>>' 1 ^ (j-aallj jJ i JjIIaJIj .(100 nm) j^l jl 10.0 nm AI^LajoI 
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j] . j» jl 9.0 nm AI^Iajoj ^111 dl 1 dlm.ll aJIa, ^ (Ja^II £a S^Laa]! 

AjJjjJall Cj^yLoL^JI d^ (jjfLij . ^jla J A a t.si) CIiaIj Aj^jj-saj e^)£ll dl^jjjlj bdl^. 

6^)1 ^)^II dl_^.^pj ^d-sal Cljl£L<Lui]l d II A_ilaC«VI aII-^. ^^9 ^^jjail 
Sa*jj JaI^IIj Li^jjJj ^-^.jIujj j <(30.18 J^'l ^ “off” (jjUb S^c. S^)£ldl 

. (J^jl£dl dl ^yl*£- x *s-k\ A4aj)a^ 11 -laldll jli ^ I ■A.V^n. AjJ^'dll 4 u ^->\ 1 


4_lLaiA £-U.jlJ jl Aj9I^)a] 1.1^. AdaidiA dl^jljj (JLaaHuj! Ljajl 


liA ^ ^ . Aj d!dal_dl 


(3^-Lq (J^*-idl I^A . "Ajjp^a" A_ia ^a£ 4_La^j 


^9 Aj^-aJI dXaUJI ^aLujj t^JajuJI Ajj^1]| A-1aja^ 11 .Laldll aIL^. ^9 

CLiVl^- (J4J d^yLaLdl (Jldjl ^XJ dl W x a\I (Jj-a9 ^}A (JiL^Jl Lud . (Jdldl ^9 

.^Jajoill dVl^> J A-1 aja^ 11 A In Vail 



(s) od' 


(j^i Ajjjiai 4_u^a&ii Jaiiia! :.z sjSiiii j^iLj 30.18 js^ai 

■ kW/cnr AxJaj ^9 AjjIj Z±ua ‘Lujbail 4-uUJa]| jljj .300 K J 77 K lie. ^clauJI 

AlaLaJI Jiaa jjjLij . jx^ai jl 9.0 nm AaSl a. u f-Uafr AJIa _ ji (j^ijJt (j^iUjjj 

^ £)jb 106 JajaI! 0^) LT^ «J Ija. CjIajJ lit ji ji^fli AjSIaui fUaC- AJLa <_ji £ 
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AaL JLo3lLuiL UIj InAs/GaAs 4 jaja£ Jallil ji ja 5-ujaIa 31.18 JLuill 

.(£) jin AaSjjaVI 5-uluj^a]| (> jib 108 c>) (ridge structure) <-2 


4 j-aj^£ Akil] AjjjLUI ^LU A-ujIjA 7.18 


Site engineering of quantum dot nanostructures 


Jalllll ^^ic. d^pLoH C)J^ 4 ClstlnJaiill ^paxj ^^3 t L-l^” ^)a]I ^ja 

£31 ^a AjujAaA (JIaxHuiI ^j£aJ . A JaAJ jl J^3j ^^3 4-1 ajaA11 

4 j\jq"i (JIajLIujI ^^a 3 .Ijjli Axa^a 4_ia J alU ^jI^aSI 

Jalij 4-ilJa 4_S J^)^. AIjIaIa]! ^JJC- A q3Via\1 

Lja^jC. 31.18 J^l ^ ^^• ( « 1 4 JL^a ^^3 AjuJa^AlA 4_1 a^a^ 

4_ia ja£ Jalij ^ja AaIsIixc 4.** \x h^i 4 ^J!1a]Ij j . 4 _ia^a£JI JaULill ^ja iaa. 1 2 i£^J ^ )a~n 


jl (J£ Uajuj j t/ia dna. t(Petroff’s group) a jjlu Ac.^a^a ^ bjl j a * a-\a 

(JA aaiII ^3 (jjiA Ia£ 4 Ij j^)5Lia Ajtl*-aA (MeSUS) CIjLuUa Ajj^)a 4_1a^a£ Jalaj £J ^ )\ 

in . 32.18 
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A LiLua JL&lLluL Lul j Axaajj In As/OaAs ial&ii Ajjilit -..: 3 ^ A . .1 V>. 32.18 (J&uJI 


.(fLjjiU a^xaI! £y» HI o- 9 ) if^i Cy 1 

Summary <_)Ail« 8.18 


^ i l Q*\ \ 1 1 1 Q < \ l-i \ A \ l ^ ^ a L Ol ^ ^ 1-^1 Q *< \ A >\ 1 ^ ^ 1 l\ l 

A U.ro S.li^)9 Ajca^-aII 4_ia ja^H JaULill Cll^Jal . Aj^x^ajill CllLij I 

V- ClL^L-a^All t fll <jlij £a AlaljJ-o lg_jj . AaC-\ iJnx^iVI £a 1 g g jl x^i'l \ 

CjlsUa ^jJajjjj Laa o^)j» ksi Laj-^^k ^.nll a^A c-^\\"ia'i .4_i3ljJaj L_J jJC. LgJ III 

^3 V ,^<3^)x]l 4_a*^p Aic. Aj^jl^aJI AiHall ^j-o ^gic. 1^ 

.jljuVl ^jl-iill ^aja^II ^)!n]l 6 J)^-^.l $.|jl ^ )t\'i ^-ic- Ja£3 ClilaAiLajll 

* # 

ClillnlaJ ^.aja^II ^nll Cllli Ajjj-aJI A_ijjjj^lVI CjU j£a]I A^>\ jj ^*J c!)iiiA3 

Ij^^j 1.3 ciiljjJ jl 1.5 -lie* WDM ^JL^al djVlx^iiVi 

a^_a.l JjAtj l_LJI£j JIaj j 4_a-JaU C5^ l*ll^. AIIaLo Aj,\)Vq\ll a^A ^jl .1^1^ 

J!1a SJj^) 3 ^jc. >»" ill ^9 ^pj ^A . 1 Ag a ^j^lA (^LiLall ^^3 a Ju.la* 

a^jl^aJI AjjujI (.A x>iq*N ' iaII <LaiLaillj ;c_Li]jj]l L_fll_iialj (_pa^)C. ^ u*5> 

.Aj^LaII C-Jj)j» \1 ^^ULa c. ^ Uti^ Ja-ujjj C ^ u^i\i ^jjjI's 'iaII JaaJl ^jia^)C.^ iA ^a\1 

^-q l-iil^ Ax a~na Ajla^a^ Jalaj o^_^.i ^ic. <aj!-3 ^aa 1^£a (j^-^ 

Ai^. ^Vi 4_uj^)Laaj 4_lALa-ll iSjfi j ^ J-Vnl j Aj^)ix-a 
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^ja A A*\^Ia (j! . Lijlj <xa^-a]I Aj^jlill ^Jull *Ijj! ^a 111 CljUa-uj^AJ 

<Ajlall 0 _jjL*Ha 1I 4_L-a^All i \ksi\ ^ \\W ^jojLujVI ^1 Q WiVl 4_^.j ^)jIaj]| o.'h'vH S^Iaa]! 

diliila ^±1 l^J 4 _ia ^a£ A Aq'i ^)J^laj ^j£aj 4jl <_ja .4_1a^a£ JaliLj ^^Jc. 

c^linkill ^UJL .^UVI J] o J)j Va 4jJaiVlA o j jJ £a <LiSJ A_ n jjjfU] 

l” 1 Vi <*_uj^U Aj£} jjJa VjLui^-a j t J)j Vll ^3 £J^)au V 4_1a!1^a]1 

VjI^jjjIj £a Jj VjaJ^)C. *LA VuJ £a 4_1a^a£ Jalaj Clllj g-l^jA^ll 

AiljJa] .<jj^)iLA Ajla ^a£ A Aq'i jl ^ia-uill <_ja A-^jfi 4_1a ja£ Jallj tJl_A*Jjailj A Ag a 
^^3 VaLuj Cljl^lixj t^ljLxuil] ^^aII (JLa*I1ujI ^j£aj 

£_ujjj]I ^^3 WllxJajj L^-iJalj ULjjI (JajaJ IaJ t A-1 aja^\ 1 iallil] 

•InAs/GaAs ^1 j* ^Uaj ^ 4_ic.^)i]l VjIjjIuiaII LiiUa 1-ic.lijj c^aj\ Vull jjc. 


Questions 


AllJ 

4ibJ! LjVbJI iilfc-l 


^jujUaII (Volmer — Weber) ^>jjj— 4_iAlill Aijjia c"i\,a t 


(j^AJ aS\ JdV . ^4 _ia ja^II a AVill l" V V ^LuVI JAJ ^1 4 _ia ^a£ Jalij (_5-^ 

4-uiij VI JaliLi]l ja V^ 4_1a^a£ Jallj I^£a ^ja <1aI£ <C. ja~n a 4 jaV'i 

<■** i V 100 nm *^c* £jJ3^a1a jL ^ t2xl0 10 cm' 2 Uj^5 Sililj c(l^joij 

l lla-lia^J La£ ^Jt> AiUall CllljjlliaiA] A^jLiil A-> >»' a-<2l ^jl . 4_ilxJI ^Jaj^j 

. oljjl 


■ E = 0 meV 

Eq W ( 2) = -20 meV 

Eqw( 1 ) = -60 meV 

E^n(5) 

Eqd(4) 

Eqd(^) 

Eqd(2) 

Eoq( 1 ) 


= -100 meV 
= -125 meV 
= -150 meV 
= -175 meV 
= -200 meV 
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JaliLii] (jlj GaAs 1 Luaa S^jIxaII A_m]l ^JL^. ^9 SjLaII ^jl ~\ 

J Amll ^JJJJ^IVI diV^ c > jj]l L-I^jAa a ! Ua (, <aj J-a A_ia^a£]I 

.jLuty *£*$11 ci^Ull ^a ^USyi Jj3 a^HJ OVUJI 

Lja^iLo .<1UJI P(Ja A^LlLaA (_paxJ -Ladll ^VuuJ — l_J 

Cjlfliill £jo 1A £_lA^j SjIc.1 (J^xa j a^AHa]! daVl^ll VIj*- 3 f-1-^.^iuj! 

c-ci* (i) — ! <jj'3^a'1 SjIjVI oAjjj jiS 4L_jji!lll ^ja ^IgiV (jl £-° 1.0 ns (jA 
^aj)a^H ^ull 4_IL^. (j^ 10 meV s-cJa] (ii)j ^IxjVI ja-n 

■[Eqw (2) J] ^ 

CjXaUJ] Jlxill A^IxIaII A VsaaII CllLil^Hj ^paxJ — J 

.Ajjj IjSa (_ji UllJI ^Vl oVUJI Jl 


AoajaS Ajalij Acjaxi ^jjVt CjU-uVI-2 

A_ia^a£ Jalaj 4x. ja~n a djlxdl oI^I^aI c_j. 6.18 ^joikll ^9 1.18 ^J^IxaII (jtlC- — I 

.(F, D, P, S) <dVU 4 l*J 


Aic. 4_1 aja£ 4_Laaj A£.ja^a i.^g \ ^JjjJall ^jLiiJall ClAxdVt IdLiJ ^ 


4 ^ci ^q\ 1 idlj^JjaiAll i^yl J Lj^IjolIA 1 ^1 I-> 1 n 1 1 2*i Q 4 cl Uj- dil^^p 

L_iiLajall AifL c." iVi ( xij ^^Ac-VI 4 _ia ja^II <Ja£3l <a±L ^jl j *50 meV 0 
<a±La Ix^ajl Lja^pLoj c50 meV 'jl.V^Aj 


• t >. nlijfrfl 


*iib» s >» -3 

J£jUI (jiajj Ia£ tA^jUjaJ (Intermixing) LS ldl-Jl ^jaII ^3uj ^ W^* 
o jxaiVia'I A^jUrill CjU j£a Ajti£ . jLSoiJU (Fick) Aj 3 (JLa*jjoilj cl 8. 18 

: ^ 'l^£ Z ■^V ^ J 41 ^ V- J c-<i^»-a]l c-<u]l j ^ (J jia ^ic. 

X(z) = X 0 +‘/2 

X X, {erf [(L‘ z + 2(z - zj, )) / 4L d ] 4erf [(L‘ z - 2(z - z')) / 4L d ]} 
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J^j jjSjJ jA X; 4jl2mVI jA L(] t i _ s -3 4 S null jj£jj jA Xq Clia. 

Jj er f[] z = Zq -lie. a jSj^ila IgJ^ajE- tJ jll / jiSjll Cjli Udakll ^ 4S;nu'l 

JaAJ ^ya a11x1a]I j (jUajll a Ja-4J ^*lllIlojl J . I L-n. 11 <UL 

jll SJLa. ^g3 Ld 4c._jlla jL : .';V'l (Jl_jial .lie. jX jj l_ljl_lj . X( z) l—]j£jj]l 

• 3.0 nm InAs/GaAs ^-o yS. 
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Introduction 


4 -ajLa 1.19 


(JlSail Cll^j lj] ci, yj , a jlS-o JS ^ AjjjSjjII CjI JJ-aJ 

t^jxj i <il >>il 1 . ‘ jjll i_ilc.j (Plastic) Ajjjlalll jSfl JiLo <c.jILa 

1 g , Ail , ^-I-S » v< (Passive) AjAui j AiiiLo Cjllnlaj ^3 UjLAjl 

1 ^ t L 0 jQ-N-\ 1 \ ^ 4 4 -N. 11 * ^\U 1 ^ \ t l <j 4 1 x JJ ^A (jaljlillj "ijlAiAl 4 .1^.1 'il ‘CHI 

jAl jl (Conjugated polymers) Sialjlall dsl i—iLSSSI jl .kjJaikiail 

jjlst-all <aalj4l iilij Jio sjjjS (Conductivities) djLiL. -a^-o £a ^jJaldl dlduxJjai 

cdldjjj^JVl ^ (Active) <Sl*i *dLa l dl jaaJ jJI ^I.w'dJ Adl£d ^cdj ^ 

A L -ic«j c > llA'i dl .Aj^j-a^ll dldjjj^WI J idlj^k-aJI j 

Aj^aaaI ^ 1! j 11 ^jVl CjI^j (j^^5 i ill j C i*n ill ^3 

^ jjJall AldlJl dd jj.J 1 jl .Ajjldill dll VViaII Jjj dl jy'A dl ^ jld ^J1 

ls* Aial jd ejd-a Ajj-dc. did ^ dxj L a ^1 (Light-Emitting Diodes - LEDs) 

jj^jduj (Jda dldilo ^3 ^_y. a^)C- ^jj-aljc. 1 g*iL*a l C(Jlddl (JaAuj cs^ 6 ^1 -iddiV 1 Ai3 (jVl 
Ididll d^3 tillj ^dj q\ (j-° J dl^id^l! j cAjjdldll dj| j tSjLidl 

.Aj^aII Adjldll dldjjj^l^lj Ajj-dxJI A^xaajoJI 


( * J. R. Heflin, Department of Physics, Virginia Tech, Blacksburg, VA. 
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c^Ujjjilj ^j-Q cAj!>Ij (J£-ujj I dil^p cIl^Ij ^a S^j3 

(J^jojj . o^jl.'N.x C1 jI^j3 Clx^u ^a Jajj_jj G djl_jl3A ^joiIj A3j^)*a sp 4 * * 7 A Clil^)l 3 a 

<*jJa ^- g!1g ^jac. cs^J fc 7t <— ^^3 a ^j-o A j'q {‘i^ll ClAjjjpfLlj 

^j-Ja k CjUjjjmVI ^»3c ^ ^clb ^^Jc. (Delocalized) 

>." n^k (Jj^la c■(_^3 , ^ , 0° ^ ^)Jaj 1^21 .A-illc. A-ilx-a^-^j AajI Wq nd j C(_£ 

<_ja 33c. 1.19 J^l . CjI^jaI! c_a^M jl CIjIIa AjjujLoiVI Aj3^j yjfiili 

10 7 j 10" 1() (j;iJ Aaal jl* CjI jaxu! ^ 2 cij\_iL-£aj-<JI ^jIjjj .4_a^_a 1! Alai j1a]I 

^Ax-sajj A_iL-a ja\\ ^gajl x«o*s\l <jl . Aj^jUMI ^plat-Gllj Aj^al^JI tilL ^_yn Aj^JiLo iS/lll 


(_£ ^21 \W (_j-a L-aliA^l C1 j| 3 L^jlaUaj £-g 4331^121 4j\»*o ^ aII 


1 •: 


.Ajjj-saJI 4_ij CliUnJaMl ^ 4_a£-g 1 g la - n"i djLjjUa'q' n nV 1 j 


Polyacctylenc 

(PA) 


Poly thiophene 
(FT) 


Poly (3 -alkyl) 

thiophene 
(P3AT) 
(R-methyl butyl, etc.) 



Polyparaph enylene 
vinylene 
(PPV) 


Poly (2,5 dialkoxy) 
parapbenylene 
vinylene 

(c.g. MEH-PPV) 



4 J» Ay \\ QA (jiL 1 £^jaJ 1 yaj Ac- jjja Alsljla CjIjoaoI 4 _tUj^l| ^-LJI 1.19 JIajaI) 

. (4 jjL jjiil Au£jj-gVI 


aIuAjuj ^^3 a^)^)^>"i < oll o3^.^11 jl ^^.^ 3 ^x 0 ]! ^jILg (j! 

3l ja ( (J3lc. ^^Ac. Laj jJ Lg ^ac V l^j-2 ^ ^1 jA AjjaxuI 

^_j-G 3 j 3*J1 ^3 cciil3 ^a .AjjjJaxll g.1 Jaj^H g Aj3j\Vi dalcj-Ja^A ^naM 1 g 'i^sl j tAj^jlj 
C5^j 31 ^a1I o3^_1 ^UIgII (j jjUll 

(_] ^ 1 3A t- 1 ) .A^^x^ajll A 1 i 1 ^ 1 ^ 1 ^ ^ % jj ^ 

^LSaII J £_lA^li]l (JLg*HujI *>” AUgI 

cAjjjJaxll ^)AC Aj^jlill CIjLgAjoi^JI jl (JLg Aj^jIa c. ^ n^l jjll AiLjaj 
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t£UJ! ^9j AIIc-LaII Aj^jJa)\^]| j AjjjJa*Jl dllj £.1^1 ^^9 ^jj-ui^J ^jJaIj] 

(_ja (j£ ^9 L$ ^ (JaC- .I^jJ U^ C 5^ .A_da^Jl ClAj^x-aJl jl ^aj t A_ijaiAjai]| 

.aJjaaII aIIaVI (_j^a*j Ajoi 9 LLq ^Ic. a jjuj Uj| V] tdjVl ~s a 11 ©3 a 


AjjjLaJjJ ! j AjjJaaJI f j-JaU AjC-LH CjIJjj^I 2.19 

Organic and polymeric light-emitting diodes 

(Photo AjjjjJaSI A_ijl_ijJall A_Jlc. Aj^jjaJ j Aa9l jjaII CIAjj^^JI <ja <jl 

djlj jjjill 4*ixjii) (Quantum efficiency) A^^^ll SeliSJ! uj^ u' ‘luminescent) 
CLixjIaII A9lia cIa^aC. .100% (_ja Ajjjfi ^A x^oIaaII \\a\\ 

A9lJa]l 1 ksix ) (^j^i'iaaII A9lia ^ja ^Jal LS^ .3^ (J 9 I 

{ j±i jJ jill (jdJ .Aj_jl_JJAl JalAjl ^ic. AiiilJ 

l \)h\ \ <ja t5 J i jaII c- jaJI ^ JjjUali .(Stocks shift) (J& jOja 1 ^Ijjjlj 

diVl^JI <J) (Ground State) A-iJajVt aJIaJI ^ja $ jIjVI ^ b uiil^i^ jj^]l 

A-i^. jaII Jt jlaVI (3^^3ajj .^lijjVi a x>^Via\ 1 (Excited states) SjlfLall A_ij 

Ajj-JaxJI djljjjaJI l_ujaj .3.0 eV J] 1.7 eV £-* 700 nm J] 400 nm j^l <LlJ jUl 

jj ja S JJ S.UU tilliA tjjAAll (_UIS LS^ 3 *^ t “ -lUlJa Igd jU ^21 j 

(Organic light- c j-^li Aiic-U 4jjjJac. CjGjjJ j* (RGB) jjill <JaI£ 3 jSajc. lUiLS 

•emitting diode - OLED) 



r- j 1 ^" uijc-L (j ji^ifr Jjji! _)1 $a AaL 2.19 JiuJI 


Jl jjl£)l Ja 4 a\ 1 djlj a j'~'S N 1 Ajxj (OLED) c jxJali ullC-L j 1 j. jaC. J ^3 

^3 Aic. | . J c-o Ji ^5 jj£J 1 j ^ jjVl (j. 4 ja^ ^__j r'a'Ml LxjL^jl ^c_llLuj 

(Radiative (_jC.la.ujJ J^i ^ ^ . >»! aJIc. Aa4ja£ Sc. US lilLiA ululS lij - ^ j (_jjjj^. 

CjUjjSSIVI L)^ ^cjjj ^)lAx-aj ^ilaAll (j - ‘decay) 
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jlAx-ajj ^Ic.1 clal jIjj UjIajI -li*J jl jj.lJ ^)Vl J) ^ jjjfll] jA ^)aJ L_J j£ill j 

Jlii OLED Jjl ^^-Ic. i^ljlilij £jlj j a^>j .lal .Jal jlg_a. jAj ^jjJa 

^ (JIajCLujI jjl^llj ^ ^jVI jfJ ( joijj.Vuxi^ jj'^l'Kxi jiLj^aC. jiLLo ^L^sIj 

£_1a A_i*j . g. jx>ill Vic-lj vLajaij SjIa Aliij-aJ (Alq 3 ) ^aj)J ^ -8^ 

6 (Recombination) ^Vil SjIc.1 J j jj-iJ Alq 3 — SI <afla jjc. cjijj&lVI JlSul 
.Alq 3 — 11 j I j£ (Aromatic Diamine) j j^l ^l-^ j- 0 ^A 1 ^ 3 4-^ c5 Jr“ 

^ in It ^Jajaill gr u^ij ^aJ jAj c Clili j jj^IV I (Jjj2 j L_J j£JI JjjJaSj (J£joU jiA^I ^Ijj (J£jj 

. l_ij£i1Ij daljjjj^JV! ^UjI Sj I c-V 4 jxxm^Il <lLalall Alq 3 11 J jiAVI ^LS j^ 

c jl g >11 jA CljlsVl^ CLixaiaII g-jjJail ^Luuill J . jl g ^11 Lolxll A-ij^il 2.19 cJ^Jl j^j 
(Indium Tin oxide - ^ jj^jVIj jj.ix.Aq 11 j x A l ^_aU2j Jj-ajA ^al.w'i j SjIc. (jj^j 
g. jxAI ^aLoljj c^l_a.jll jA S jj£j ^Jc. ITO — 11 ^-^Ua (jj^j . Jjjl vil ^ic. ITO) 

j! t^JJ^lVl (JjA <XjLuj 6 .}Lg jC. gjLiC. gjlc. jA ^Jjl£ll .^Ajll jA c1i*_i1a11 

.gj jaJI 1 “ i Vi jA/illj ^jjl^ll l_iiujjj (jja. 1 J^ll^ll jl j.J^^'1 jl ^ c_iA a!1 

(Hole transport layer-HTL) ^jjSjII jj*l ls^ aIA* A^LjA ij ajL Ja ^u^ I 


(luminance) ^ j^Ai ^s-lc- J j^^ . 1 1 c5 -60 nm aSL^ Alq 3 aIA * j 75 nm a^Iaxuj 
4_2jLoi iVjjliAll) .10 V (j-G (JS1 (3fla-G jjVi jj-^ .lie. 1000 cd/m 2 j-G jj^I 

CjU jjjill 4_i^^)LaJl A-1aja^ 11 o«.li£ll Ciil£ .( cd/m 2 ~ 100 c_jjjaiLi. 

Aia .1% ^ll^a. 'jl g 'nII a! 1 Cljljj'jj£lVl ^Jj 4 : \x \ \a\\ 

ClAi2a ^l^jjj tillj ^^3 LaJ OLED 11 Qj^iV^l lIAjjUL S^C- 

J J^\ (J±1 <a±L Jlki cilljl£ J t J Jjl^llj 4ilc.l21 4l±Lal! 0^ ^L_J J^ill ^ClAjjjj^iyi 

Ol aIIHq (Dyes) a * u^Ij 4_j1_uj^U^ L_j^i!ill ^ HTE 11 ^ 

(jl .CjU jj£iyi (j^- (j-G ag.li£ j^l Ac- jA OLEDs — 11 ^ L_ij£ill (j^- 

cJj-^aal (j^jl jj ^lj ^ HTL — 11 j ITO — 11 0^ <a±La (JLkjj 

.Ajsliall Ajg.li£j J)lg ~n11 A-iaja^> 11 6g.La£il Qxxi^sj Laa L_iaj — 0 j_P^1 


(j-G HTL 11 J ITO J ^V1 jlJ <a±La nxxijll A q\“A a jjl^)ia aL^Uxil 

Cl Vi L_11 ujjj11 j cVi3 j3 ^Jxxi^jl AiJal LijUjia jl-Vlll l_11ujjj j cLijLiAJ^ll VaJlj«_All 1 g iax>i 

^ jjUSI ^UaL ^Vi ^jill cIjIjjIIaII (_^^-j . Ajjx>ic. diLa±ial g.^Lvll 

(Chemisorptive) (Siloxane) jLa^jluxill ^lill ^ja> ill VmJl 

^gjljAj^ jljlAl .3.19 eft xxi 11 ^3 ^jJa^A ^A La£ t(_^^a.Vl <a±La Ijj13 Jj.WaII 
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c Jjk-a qa ftlUjl Octachlorotrisilosiloxane ^Luj jjjK ^Loj £y» CiliiLJ 

*' S * , k 

cj-o .LiJL-aj d^jJaj! j < (Hydrolyzed) Ci^Jk j 

11 ^.^LkJI i.")Vi (_)ja djlaJall jjjxn .0.83 nm a^Luoij <a±Lal 

4_a±SaSi 1 i^<q<q ^ n^ol J^jVl ClA^laj cA1(J3 J ^HTL 

(Jj (_£3 jj £Jjl S.la.1 L_iiuj^pll ^jl .laj ^£1 .4_imll 

<a±La AiLjaj (jj .4_ljlii]lj (jJJiflall ^j-aalliSI (Jjj^aa. £-q 

c* \* nj Iajuc. (Turn-on) Jj*-ulill A_£lS ja ^ijj jj^SVl ^ ^ jjl£ j ja. cS.ia.1 j 
Alillj j AjjIS 4_iila AiL»Jaj (_£ .i jjJ .15V 9 V 6 4jI -^ 21 ^3 Jaa.^1 ^3 1 3j if ^Jall 

)mn .4 juI^j 1I AifSaSI L_lluj^p ^xj jLpjlj 4_C. (JjxjouSI A_ill j3 A_JIj1a CllL^aSlij ^11 

4_Lla]l ^^-LaL (JLa-a UJ^ <^] ^SlSlSSj Ajjlill (jjjiLSai] (JjjuoLiSl 4_nS^ (_j^a3Lli]l 

4_ia,^jlaJI 4 _ia^-o£1I qa (J£ jljjj . J jjl£ll .lie. (_j£a. o^.li£ Aijj 4_iinSI 

j& \u& t till 3 4 x_a^JI CiULSaSI AiLjaj £a (luminous efficiency) Ajj lu>i' t S* Uillj 

(jiia. ec-li^ c_l£lll (jka, d$li£ (jl LaJ .4.19 (J^jjaII ^3 ^jJaj-o 

(j^ cj -0 O jaL ^ ClA^JaSI ^l^pj (jla (J^jlxSI dlliila ^jAAjJaj (jj^ 

• jW^' Jtllljj CL_13J — (jj^lflll 



^lui£ ijLya (JA ^jLj^S Jjlc- Ljliuifl] A'(H\U ^j! J 4j5ti JljldVI 4 jjUL« 3.19 

.^Aa£jj^VI 4j 1\j4j5ll 4 jit Ay\\ ^jiL 8 qa) ITO UjI 3 ’ 

Jlxi (Polymer LED-PLED) ^ LED — I (jU jj JjL o jXq jj ^jj 3 ^la 

^OLEDs ^ixj-a 4_x-aLaJ! c4\*il 4^1 _uia 4_i1j <jj ^’^.1990 ^1*11 ^3 lju.ii 

(poly (p-phenylene vinylene) (u^lp^ I j4) 

. ^j) j ITO L)-o (j2i}j.Vu^ i 1.19 PPV) 

^Jajoil^J 4_1 ^juj ^1 j-dl! o^A ^jl LaA OLEDs — SI LS^ PLEDs — IS qYV&aa 

(jV 4 jjS ^gJI (Jj-usa jll tiSLlA (j^J ^cJ^Sl^- 0 O -0 JjjI ^^-qIj^SI L_b-aSl 
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USB jl (jAa. Jj . jj j .'■' ^ a jdV dljJAiJill 

(dalli «.l ja.1 o-ic.) OLEDs j SjjlLa Jll J SjjjS dliuaV’i JWi ‘0.01% 

^jjjii-all j a ,jjjgJl£]l (jLa Jsl (Work function) <J*d aJIa dlj dl-ijil^ 4 .i^LuAj lillij 
(poly(2-methoxy-5-(2’- — SIS a_JIe. Ajjlid dUUS £_a dljjJjj ^hVu.iLij 
dlifkl .-Ja jlidE (j^-aJj .ethylhexyloxy-l,4-phenylenevinylene) (MEH-PPV)) 

‘jW^ Ss.li£ qux)~\\ 4 OLEDs II aJL^. ^3 La£ j Ajc-LII A_iiLall AaLu 

1 jJ 1 J-iJ-i'SXi 5.19 eft xaiII • A ql'i'NX) La ^A A_ijIj jjill djUV 1 (j' ^ J 

£* (AE e ) \y\ 0^ •PPV LED —1 Aalkll 

A jjlal ^-aljjl c_U^a]l Ajjljai AjoiJaaI Ajl t^^kl 4 j^ djjl^il jxjoill All.} ^jddd 

(poly(4- — j AjUla (poly (3,4-ethylenedioxythiophene)-(PEDOT)) jjJjj j-a 

Ldjl aal*j “_jSj]I jL>. ja.Ua. ydiiLj JJ AiLdJ .ITO jJ styrene sulfonate) (PSS)) 
jdaJI ITO II Jaj^i ^aJ*jdJ dc-Ull J] ^ V. yj° ^11 (_Jd]l j...^j PEDOT II jl 



jLui£jliu ClilLtia JA£. aJVJj AdLd 3pl££ Aj^jla, <Lu sfliS (i) 4.19 jLuill 

. (4dloAjSJI AjSjj^VI AjxaJI ja jjL 8 Jajall ja| Lul j At .vs nil 
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*ta]Sn ^1 jj. uu ITO/PPV/A1 LED 1 AiUall Ki in a h)i 5 a 5.19 j£*iJI 

10 (j-a) AE (jSaJI jal t (0>) JjuiJI 4jj ‘(IP) U>*^ ‘(EA) Ajjjjjififl 

.(Ltd. ^jiliaSLa £y* 


»aj II . " '1 ±j \*W ^\a c_i j jj MEH-PPV l " j 1 q * ^ ^3 ^ 

J^utlaij .(Precursor) c ‘dm J£ii ^^Ic. ^JIxj jl ‘4Ui£ (jay! ^^lill PPV — II jli 

\. A l>“ Jjsljia JJC. j i Aim ^jLl^.VI l—llc-l ^ 

Jj^jII 3ajj t jxaJjJI c-ilm j* ^'j^ll - < _, u^i' l 3 *j .Tetrahydrothiophenium 

3s] .c.3Lidl di^j Cilc-Lu 10 < ) 200 C < -lie- <^_a.ia. o jjt PPV ^1 


S33*j^i Ajjoic. 1 /pi o LEDs Lij jiil£ liLui oj^Lojj Rubner _ful j 

^ Aiiia J 511 i.i). n jpll A )Lr- J ^Hui\ i Lijl 3 A * ^ /*il q.ildl 


Poly(styrene j Poly(methacrylic acid) PMA dii^. Cjljjjji ^^21 Vu . vVim l n ' 12 . (1.4.2 

# f % 

^l_nl "IL-aV" a 'iL^; ^ ^ IaI^j .sulfonic acid) PSS 


jA\ (jjqV'A a ^al .W' uaiIj An U^aII LEDs H (jl JJ -lilS td)Lllla]l o Jj-bClA 

^uic. ^ l £ 1 ql'A a QjajI 

<a±la ^Ac. l£ PPV/PMA AjJqc-VI aJL^. .<1L^. a "^\ A 


A^Lajo) PPV/PSS Ajj-qC-^U Cliil£ Iaui ‘ 1 .6 nm a^Luoij a^. j j_p> 

* 

LaS cio 5 (J) Ja^ai (Rectification ratio) Ajjou PPV/PMA ij^S\ j^iai -0.8 nm 
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S^^Vi dj^Jai JjlLdll .10-20 cd/m" (Jj £3 j1a j& 

jIjj diliUj^ j cLu^j S^jJaLiLo I-V djl jW \ a PPV/PSS ClilifLa ^ic. A-j j'W x>li 

PPV Si AjLaij ^Ji d_Aiij^)ili d iu>i‘i .S«l^i j ASi^aj j'x t.s-i\ ^ jj^ajj cA-illc. 


.l_i1Lujj l_l^.^-° ^ Vi islili SjIjJ ^Si cPSS (j-o 

5= % 

Ijj! j Ax a-\a S^jIxIIa A_nj PPV/PSS S L_i5lill (j^ d ia W'n J 

15 J ITO — Si PPV/PSS A^.jJja djlifLa 5 4-liujjJ (_£ . jlg_aJi bf. li£ A-i^ldai 

.PPV/PMA Alic.l2i Ai±Ui ^ SjU j a_ixj PPV/PMA A-^. j*\>° Aa±La 

(100-150 Jl ^ jj-aill 4 nm a^IajoJI d_ii j PPV/PSS djlaJali oMxaa djJj 


.ITO jja % PPV/PMA S j^Sfl AjAL cd/m 2 ) 


^jilli ^jA^Mi Ig-iB ^iVuJ d n^k A_^I_xaa Aj^jIIa oj!>Ia^)j .113^)9 ^j-da j 
C > \>.s-x) A^.jS1a ITO LS^* *" . ^ clA^ ^^Llla L_Ujjj^jj] (_£^kVi ^3 *^fSa ^^lliujj^Ali 

Aliij-aj PEDOT; PSS aSI ^al .w'nxil iS^y^ ^ ■ aSjaxxi a11c.Ij ^jjajS^j Ai±lal 
A^._j^j ^Uali -OJ^ ls - ^ Aliix^aj jjj jjdiA PPV Si c_aSjajj Qjdi 

d dil .^-oij^Si L_lx-ali Aiajaii^j A '\\aa (J jjUSt ^pjl jq^Slj A xxi.Vig.Si qa A_39ldaj 


^jjJ)i ^).\)gSi dji^d^A a q\'A a cIjIjjjjoi-q Aj^Ij die. PEDOT; PSS S Ajj^^, AjLujj Ali j|i 

l-iijujjj l$ ^ C 3 -l^ ^ oji^j . Hydrate hydrazine 

jA La^ HTO Si (_3^s AjLujj ASi Jij AjSIjIa ^-0 PEDOT; PSS dili±)a 

Jj ^^i_^Aiuji ^>^i (Jliiji ^gij ITO «^_>^Vi O -0 Ajj^/di L_j^i!iSi ^>iVi .6.19 cJSxiiSi 

^^5-3 AE h ^ A-iSj ^jLuiASi c_i^liSi (ji^-S j^.UJi Laa tdic-ljSi ^ixuS^iSi cji-S^ 

(Electron '^fSa ^ AiuJa-o A-i3\j bj±* .5.19 JS^ll 

4_Jaii-L<Ji AilVi O -0 *C 5 ^ c_iluJI ^j-o PPV JLo*auAj blocking) 

CjIj j^p^S) (Confinement) ajc.L jaaJjj AifL Jj A^aij Al±Lli o2a ^ (Jjjj^S^IS 

.l_j ^! iSij Cljljjjjil!>LS ^jLjoudi jLijVi S^lc-i 1-A-o tAllc-l^Si Aj^jj^jS ^ jSi Ai±SaSi 

CjU ^a ^jjVi Alic-luSi Clji ^ixuS^ilS (_j-aLk (JS xx) 1 (j\j.liix ^ xxi Si ^jl 

djij aj)^_^.i Cla^ji .^j-aLk (JSxxij i^f^ AEh t> . ifi'i UJ^ 

i jx<ul jj Allix^aj poly (9,9-dioctylfluorene) Ji-A*2jajL a^jSIa AaIu djllfLj c^i j ^ j^V ‘1 
^>^i (^i 1 1000 cd/m 2 ji^Laj lc.jj^aj j 6.5% ji^ij A^jLk dji<ili£ lic-L 

2_lA^lJi .ITO c3_^ PEDOT; PSS ^^-oij^Si C_b-ali djiii j& La-o b^yA 
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Qli ^ '\\\W -lie. (_£ ^LiLdll dili 4 jqi.Vlg \\ a ^±1 a Jj\hi\ 

j AjjjJoxJI LEDs SI ^ Ajc-IJI SjLJIj 


ITO 2 J-^ OJJ^VI ^i! 



. (<j!>La£L 4 C£Lx 4 <jjL> 13 (j-®) jAj A^j^a ^jIoa«uj^£ ^ja^l 


Photovoltaic polymers 


4_uj^"tl ^iSI 3.19 


ojjAII a-lo^o^II diUliill LS ic. PLEDs 51 j OLEDs 55 a^!1*j (jja. ^ 

ojjliil _jaj Ac._)j]| (j5i iAialjiall AjjjJjxJI aI j^iil (luminescence) -5 

u.ft t( Photovoltaic) Ajjj.>i'il jill chliulajll aJnLa i "hnj5 ajSU51j ^jA (Fluorescence) 
^ ^ ^ 'i'; AjjUa ^ij A_lJ^jJail <9liail Jj oj e_J ^C-^all ^yct (j ^ \ 

^2 LpjjJa ojlj-all 4 la. Jail Aji)La^)j ^)i_lA AjaaJyLa a ^ 2 j ■ jao5 jill 

jj-a ^jjjjilj Jlaljl _i ■ j ;<_ij o jlii v i 1 Jxj l4 .PPV-C 60 ^ .'^ J ^51 j!^a5I 

ajlc-j aAA A la Jail (Jl&ijl 4_iLa£, ^_ujj . (jj^j^iiyU A_iiljt)l <i5V5 (_£A C^o 51 ^51 ^jxajj^ajl 

i—liLil j (j o j~~i^ IV I £_LaaJj a j ^liii dlo£ _j ■ j ,A_x_JJa o_liaj~ Jj jjjilij jLajl 

— jjjjiil j J>51 Khalil jlxj 4(j£5j . « » >> jLjj Ajl ^Jc. -lie- (jjijj^aiail 

(Acceptor) JiVi-all ^jjjjI jail ^ 5 -jjjaj 10 nm (_>« jj£I CiliU^a .Aic. Lujo-ia jlilall t_iaii 
jjjjiji — j J ^JjVI A-u joJajl jill a Ov 1 dljj£j . Ajla Jail _j ■ j ^jl ^_J_l2 

100 nm AjAaj C 60 Alilaj AX4 Jjla 100 nm J J-^J ^j-ol jA 5I a u^iIIj jjaJjj AiJa (j^i 
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oiA .(Vacuum sublimation) C i Vi ^Luall 4 -LjJjj -Ujuj j-g 

cj] * cJl*^ 4 W /I) ^-La-uill 1 0 nm QAtJa 4jj jjJall dal ^)IjV 1 _la£s 

^-o ^_iL<21 ^c.^j l-° (jjAjLall ^ 

. A-lJj)*^ \\ jsl\ dll 11 a ^. lil 4_1 !LgV 

LEDs 11 4 _j1_u1a iS ^)} a ^ ^gjl )o\q ^jl g Jiill Li] 

ITO flli-uj Jjjl£ (LfJ cJ^joiJ ^-Lajoall 4jjjJaxli 4_iiLall (_£ 

(_)jjlijjj ITO 11 j 4_i^.L^L^ ^)ac. ^21 ^ jjJall cl)- 0 cjj3 

L-° IJic’ ^a ITO li 4_iil^ll j| ^)t_£i]! 

*!¥* jlnll ^ Wu 7.19 (J^joill ^jJajJ . ^j^juJI^II jl jl t^a 

. 4 ^ -n. 1 i *‘ 4 ^ V>ci .^ ^-v < La^ * f, 1 t ^-> y 1 i** ^*v% jlgjaJ 4 q) L ^\ \ 1 4 n\ ^ q\ 1 



^jill .(jjiAuA\ £ j-ual <Luaj3u» 4 _ij jjJa 4_ilaJ AjIoaII) 4j21 jA]| — jLuI) ljIjjjs 7.19 J^uJ) 


. i_ilo£Jj qIa (^1 <Ll£Li4 4 Li-aVutiall 


^pjLiLo t Jllo) ^LqjILq ( x-q ^jjILoII _jl_nll ^a (Isc) _jLij l] 

t 3 fk-aSI L.)V^ 4_aj3 C 5 ^ (Voc) 4^-J \h/i\\ 4_iil^a 1-^ . ijjl^llj o£ 

JaJjJallj 4 joi£1_*_a lA-lic- 4 4_iil jsl\ L*ili . I^L^i ^jLiill oAic. (_^HI 

(J^3 L -0 4_iil jill (_}jjLi3 llA L^ -6^1-^aVl *»” i Vi J)1 £ >1' cl) -0 d^l^oll 4_nljill 

^ 4 ^ J 1 ^-Lal^ill ^pjLiLa 4 44 jL^jV 4_a jILq ^-q 

^1 .lie. ^.ic-Vl Iai^. ^3 4iUa i-V ^ 
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\ jJXG (_£a!I IjWlA ojg_^VI iS^P 6 £^1^11 is^ . (AajLLa^ LS^‘~fi~^‘ 

cilldA QjfLiu^ c(P = I V) ^jLilll c_J^)jJa jj^aL^. ^^A ^^iJl AiiUa jl LaJ .^JaijllA 

.^Ijlll ^^ic. cV oc j I sc j)A (Jal ^^A ^^lill 4_nljillj jLiill ^ (jAaxJ <_£jA-a3 AiUa 

AiUa 4_baij jA ^aII (Fill Factor-FF) ^sjoiIj <3 j^)X-G 4_1 a£ ^ Vl^Aj 

FF=(Imp Vmp)/(Isc ^ O^j ‘(Isc Voc) ^-AIAaII <11^11 cilii ^1 ^ j x ^ql l 4 _i1xa]I ^ jaJI 

A_ii]^i]l AlaAi Ale. 4_nl^iH.J ^Liill LaA Vmp_9 Imp 1 Voc) 

.£s.li£ ji^VI A-iuiaA!! 4j\*sll (Jac. QjfLil ^^Ic-VI Iaa^ ^3 FF j Isc J Voc AlA 

Jl£ij| ^ja jj 4 _i*j j ^LaII j^c. C)P ^jlAill ^jLojJal ciAj^ILgII ^a^.] 

j£lj . j-ljj^All (Jjl*\ a jpa ^.IaILI ^^a^ljA ^LoJlI ^^-aIjAII L_lx-allj ^A 6(JLjl3 A W A 

C_b-all 1 g 1 a £.IajjI ^^jill 4-ljjJaxll (JjIL^-aII ^3 C Qj» x>i A‘i 1 JaA3 L_JjAj C6q 

0jl jA ^3 qA/sai JttM AjJa^C. 1 x^ijl ^Aj <>A L^^aII c CjI^jjajI^iII ^aIjAII 

jl (Jj-a^a c. hsi " i jlii ^1 . w"n Aj aJLuiaII oaa (J^. l$ A3j -aA^S (Blends) 

4_al \j jjLill j^A^ j)A j£ AlAjj . jlj^All Lille. LaA^I^j tjjiLiA A hksi) ^IluLg jj^il^S 
J\ <^nlL ~0.5 eV (CN-PPV) PPV <> (Cyano) jta-. S^ UJJ^V 1 

J MEH-PPV £Cjl jA L>° C5^°^ J*^ A U^illj 0jjJa^-Al! A. jj J uC.yi Cll^Jal Ail .MEH-PPV 
0 jJ)-g]! ^LAxll uj^ 100 nm J] 10 L>* Jj ^ 3 ^ VL^aaj! CN-PPV 
^jLaII MEH-PPV ^c* AJLjtij jAVVn ^jl L_jja!ill i >“ <L^Iaj-g AjjaaJ ^ a^u"^ 
CN-PPV aJIjlL jAVVn J diUjjj^l^U ^j£-gjj ITO ^ Jj ^jjjj^I^U 

I^ ^j3 0 J^a 1I (jsQ S^jjJa^-al! Lf^P . ^^AjlaII A j^l^li ^Jj (Jj^IaII 

.oA^.jl (jsQ U (_$ ^1 o^_^.VIj ^ij^aLkll cilii ^ja ^Ip^yzJ 

< 1 L^. ^ La£ t ^jlj jaII AII1LI3 aj jj (jl C 6 o C^p. 

^j±aAjj jl g ~sl ^^^^.^.A^ull jj^Anll iS^p (_jlll 68.19 J^^ill (__g-3 PCBM oIajuiaII CIjIaiAaII 
a^jliliA dl!)lj-aj l^_L-a^J PCBM — II j MEH-PPV — II 0jl jA tillA^ A^ij ^j-JaliljS 

oAjI jiA A W^aII j A^jLaII qS±&jA\ jjj ^jnll ^Jajaill <^.Luia l_g_i3 *>" A aj^i~n 

‘ J. >.'1 jLiijl AiUlil ^^ailjlc.^1 i. A^aj LuLu Lojoij 9.19 (JSjjJI jjAJJ . [_K." ' 

jlij ^l^jj .PCBM OJ-^J (J^° MEH-PPV oj^?.Vl ^^Ic. jLkll 5 JV^j 

• 5JUJI oJA Jlxill A. ia. judli (Jj^a3 1 al ^)j£ j . a^jl^ 

OJJ^V' ^ a-jjj Aj^lj (j^il 0.8 V (J] 1.6 V i_y> Vqc — M ^ (j^SUoll 
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(Lowest Unoccupied Molecular Orbital - jjLawJI jic- jIaJI 

Ailkll 'A^i) jjjlll 4_pU.Vl Aillall #*U£ 'jl .PCBM _ 11 LUMO) 

.430 nm S^LJaV ■'^■3% AiUnll 

^JJXJ .1^0 VNJ £JjJa AjLxMAxli 4 Aliij-saJ 

Jjal j-<Ji Ale. ^jjVi ^-lajai .lie. 4_ijudAjai]l <x_iaiVi C \\h 

(jli Ij Uxn AijjJall (j-aL-saliAV 1 ClilisLLaj L-lludJj .4jpli£ 

4_aj3 qa ^)j£ ASi^a (Jsl ojlc. ^A Sc-Lja] i" 1 Vi AiUall &cli£ ^LaV 

^gJl a V ^Jj l g "ij {S^-9 ^3 ^aJjuiaII 

j MDMO-PPV £j!>1 2.5% Jli ja J! oi o^-LiJaj ^AjJa AiUall 

4_ij jVlxxill a t ixxiajoi]| l_£>lv]l AiUall 6 4 jjIaaI] 18 .PCBM 

.15% J) 10% c> oAc. ^ 



meh*ppv-c 60 ^ y * 



%&\ * 1-* 1 


Aj^JL^Jj j\ 


MEH-PPV (j^ gJj-a Wuxi a 4 iv^i ulaAJ £-Luajj 8.19 JiLuJI 

^UJj JaLuail j AjjI j-alujVi 4 a jJ ja 4i^ui J^3 ^Luajj Luaj) ^ ja •C60 L -yl S'* 1 M A J 

. (ji iiiii <U£jj^VI 4iaJ jit (j^i jj jLi 17 (j^) (jjUalS^j ,ji jjaiIjj Jl^-aJ 
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- 2-10 1 2 
(v) 


j Ca/MEH-PPV : [6,6] PCBM/ITO jlf> (S) _J I-V 9.19 Ji&l 

20 mW/cm 2 Sfl4a] j (Aaili jBjj) AmxS] Ca/MEH-PPV/ITO jlf»i (<-i) 
iiii! aLjI jl) cj^W 17 (3^) (Aiali' jjl jj] 430 nm ilfr 

4 W xi'ill (Jliijl . V'l^ll a £+£\ Aj^ULo <jl 

4_nj A Infill (J jJ - lie. 1 g 3M<aVij A W >rt\| (JISlajI jjj 

ClAjjlLa a^c. . J -lie. ^jc. J -lie- ^jc- ^jLq 
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<i2al LlgI jl \ )ks~i l** nil' 3 "' 1 .^jLg — 33*° 3^3^ ^_j11<g]I J-aJ-i^. x>\\ 

^jL2l <_i3 *-. n3 3-° 3*lLl JjSlall <i2al 3 gI jl Llx-a 3*J 4 4-}l*3 ^3>2l 

poly[2-mehtoxy-5-(3 ,7 -dimethyloctyloxy-l,4-phenylene] jj 3 ] .133^^3 
i 3 JJa <j£lj <90°C i3 Xylene 3*1} j£l! ^ jLjill Jlc. (MDMO-PPV) 

3 * MDMO-PPV I ^^^-gIjiII c > u*all <33 £3^-3 ^_iL-aj (_$ 03 , 9 ^ <p^i 


SjI^p <pji lie. 3^3^ (Jj'^.0 3 * PCBM — 5 jill c_ lx-all (j-oj 4 cJj'^«q 

c> Clll^p <0.5% ^^-uiajoiII t s321 <ai_Ia clul£ I9 .<iji21 


• W 


jiij JjjjUll 0^3^ 3'° &3 $-t 2^ <x-ai_3l l2L 


^Jc. 3ffi31 4 -jjojjj clip. (Lamination) ^tjLA‘ 21 <-pi L5 a LiIj <jjILg 

3j^} 3 m Ix-g (jlijVi 3a* *>ij .Lllj *^3^J (Jj3 1 ^3-21 l_Luj^jj $3^J 

f f 2Q ^ e ^ ^ « 

6 3&pVl Clljl (J^.1 1 j <_i*J <X_3J^p 33 ^)^ <P_jl liC- 3^3^21 l3 

^2^2 O^-J ^ ^.p2l£jl ^JjQ 1 (-3-3^ PPV I jjLjui O -0 4 * H*ax21 4 p p*all 

4 1.9% j!i3j <-2Lp) ^2a 3^j^2 ciLli£ ITO — 11 1 jjl 3 j* Poly thiophene 3^J^ 

. ^21 ^j-G (3° <X-aLi2l ill L ^j-G 4_JJ^pJ ^)j£l L5^J 


Ljlj^. 33* -A ^ ^ mil jLoojVI 3 L*i3jj e.i21 ^Ic. <231j ^j£i j 

<lila 3-3^ C60 *2L2a \. Ujll 3^ L$ .<p^)liGj <-GJjop a^jlili-G <L-aj ^LullV 

L5 i ; nll jLuiijVl cipjjoil —100 nm a£Lgjoij Lg^_Lg (J£ j cMEH — PPV 3 ^ J- 1 


oJud (230°C) MEH-PPV <^1^3® 0 jlj^. jljp ^j 

S3^-^^U _^j£ AjJjjJall LijljjJall oAkjj ^ ^j-a3Liill 10.19 3 h^ .(3^^^ 

3x^21 i J^)1 a 2I L^»jJa^-G (.A xtixi SJ^pL <jj11g 250°C j 150°C <15^21 


150°C *^c. ai^-uiaII 03 ^-pVI 3^3 ^ 3 ^ C 5 ^J . j\.j.y\\ Cy^ 3^1x21 j ^jLgI! 

j^aa jlij <i3£) (Photo-responsivity) A-2jxiall <A <\^\ a jji la-Jalj 

3 3-gj I3jj3^ 250°C a , 1 ^ * *ix21 Cj^j) t^<j^x-a3l S 321 ^j-3-g s33I 

3-1} • 1 1 . 1 9 3^2' ^3ja jJ Lg^ i, C a3all 3-2-^ (3^* 3^ 3^^° 

^ u^ij tl50°C <3 -uix2I o 3^-^VI ^_gi Vlia <3321 3^2j^ 3 j^ 3^ c3 ^ ls^ 

Xic- ^ n 21 ^LulijVl 3 ^ (3^*^ (JjLlq lie. Jaia Vljta 3 ^ > ^ <3-221 3^ 


. 250°C 
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4000 



jf- MEH — PPV / C60 Aijiail £ jJja J 4 AJ 10.19 JiuJI 

jjjljjj 5j (Lilal!) 150°C 5) i) nV«« MEH — PPV/C<;o j (jaIuiaII) 

.(fLjjill «' l qa yjL 21 ty>) .(( ^a3l4 l) 250°C -iSc. 



t(5x j ‘In^ii ljIxjja!!) MEH — PPV jLg-a-i Ajj^uaJI 4 jI y'i u$\ 11.19 JiuiJI 

MEH — Aijlai! £jJja (^iuu jjfr MEH — PPV / C60 

MEH — Alikll (cjlilla) JSISJ 5 9 Ja! 150°C ^ £p-ui4 PPV / C60 

al l (jA jjb 21 JjAJ-41 <ja) (CjUj*a) (JjLSJ 5 a AaJ 250°C .lie (jaaAa PPV / C60 
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Aj^jlall AajjU *3 j* (JLojtllujl \, x>ijl iC 60 J) AsLdaNd 

(JljJjl 4_}^lAj]^2l 4_LJ^jJai]^i]l ^3 Alx-a ^ aII <• ,( lt/l'l Aj^jLill (jl uW^ll^ 

poly-3 £a 0j1J>a AdUJ AjjjU Ad L_ujljl . 1$ \Vi j ^ Wd'l 

CmjJ^L j ifjji jjjKII (^a in -0 SWNTs — 11 j jxaJjJI Ajlil Csja. " .(octylthiophene) 
ITO AjIIia A^La . j jjL£ j (jj3 60 nm a£Iajaj A_idc.i J£d ^c. ^^aIj.} <L_u-a J] 

^)j£l S^jlj ^x-a3 djl jld SWNTs 11 S^g^Nl djd! ,A1 2 >a JjjI£j SUsaa J 

•0.75 V J) 0.35 V t> V oc — " J> li*0' J SWNTs uj^ ^ c> 

JaI jC.j aIIjs- 3 d2)\ iTlA 1 Aj^jlall C-njUVI (jl ^^gic. 0jldll oAA (Jd 

• Aj^jajI^jII A ^ t ^q\ 1 ^ ^ ^ A \-*v i*i* \ i \ 

^j±i A_Lusa^All c L^d j Aa^jJaxll ^jjc. Aj^jlall ^j\ uW^ll j Aj^jLill dj\,A u*i~n 11 

(Mobility) Aa £a djlAu^ll Jjsj Adlldll S jaill (Tunability) ^dJjj 42Lla 
Aj^jla ^jladaS Aj 131 d_s^>a. .Ajjdaxll jI^aII ^^3 ajlc. Sj^2k,^Ajl dlL QA ^£1 d-Ajj^jj^J^U 
(Pyridine) jjdjjJI qa h\\-< poly-3(hexylthiophene)(P3HT) CdSe 

Hildas bjj 90% ^gic. ^ ^dd j 200 nm a^Iajaj A_idc.Nl ddl£ 2 ^.^jj3jjj 1£J1 j 
7 nm — j l>a 7 nm Aj_jjlj]l jliL^aU Ajc-IJI <ajou]Ij ^-_jii51 .CdSe 

,^1 AiLouJI j (_g jj^ajll (j-alj^alaVl i— Sja. L_aJjIj V jia 60 nm J 1>3 7 nm 

. ^>dl (_$ IjjUia J)^li U-J^ u' cJ^ lg jlc. A W 2ill (Jlj U^ - *^ 

60 — j 7 nm j 7 nm — j 7 nm (jl TEM 12.19 

AaioiC-N ^JaLoll ^)j-k-a ^Jj AiLdaVlj c 20% 4 ndn j nm 

djl 3 Aadc.Nl ^^3 AjjjjJaj] (JjJa3l (Jj>j.^*v11 i£ •(£ i. > Ux^i3 — 

^ 60 nm — j 7 nm jUjLj 90% Ad Jj Aaxdj CdSe A jjjlj l>° 200 nm a^IaJ 

(Jl^Jal dc. L-aU-allAl A_2\jtj| AaC-lall Aauilll dj|j Aj^jlall ^jljjJaall dj^Jal .P3HT 

^^Ic. (Jjj-aaJl *1^3 ^>^1 A >J i*i 1 u*i*\ a AW d (Jliajlj 4 ^>^1 

• 0.7 V A AjT V 0 CJ LS^^ -0 t __ s -uiAjoi aJal 1.7% Uj^S Ailk 


734 




CdSe cjljjL jSS ^ (*) j (i)<> Ujj 20 % _J TEM jj^ 12.19 JiAfl 
(j) ^ jc jlaia) TEM qU 10 nin — j 7 nm j 7 nm — j 7 nm P3HT 
fUie (j) j 10 nm — j 10 nm AjjiU dl jjL 5a Ujj 60 % <> 110 nm a^Uuu p.Ui*J 
•P3HT <ji AjjiU <jUaai (jj Ujj 40 % <ja 100 nm AStaua 
. (j»ji*Jt fSLil AjSjj^sVI Aj» «->11 Qa jjU 23 j^jall u^) 


Lu) j Aa a-\a A jUA. jjC, Ajj^jaC- Ajj^oj j| ju 4.19 

Self-assembled organic nonlinear optical materials 


l$ja (jj£i jaI jJa Jl (Non-linear optics - NLO) AalaaJ I jic. dlijimill jaJU 

• fiAjl j]l A jiaJaiit all 1 jl j j 4 jl j All . " 'V 1 -v ^11 i ^ 1->A. jic. jA Am <ai*Ila Janjll A ill 3aia . ■! 
jjl jaal ■ j| jl i "AtVI JJ_xa jlia fiAlal] A ■ ulil jmll ■ U j£al oAHa] A a j\A 

A_ijjnal UlVAaaj UlY Ala Ax.1 1. nl lAA 0 aaJ .<aiiaa]l AllljilU jl aAjljll a . '; Al ill 
(Optical susceptilities) Aijiaai Aitl jL oAlall jjjfU .Lulij$£ jl Uji^i l$i <^aU a 
(Center of A-lIi jal j'i'Va" ,jl ajLall Ir, t_iaj lAnjAxa jic- Ai^j j Ail jai AiJai. jJ 

% (2> Alilall All jail Qa AljJlall AlC-l Jail jjl ^.<_£ jjSLall ^ jiaiall AlC. inversion) 
AiiaaJI JIC. Aj'l Ua'i.NI -A Vi tA.^ii-. Ala* I dll A (Quadratic Aiili A-?-Ja) 

Qa CO 2 J CO 1 QiAA jill Aic- (a \ ^ . M j 4 jm! j A dVI-^-a Jl A il lAi ■ -1 CO 3 AA jl Aic. Jan oil 


: J±L 
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(1.19) 


P,- = 4?(-io 3 ;o)„c> 2 )E"'E;\ 


J±dl J-jo. a .aiiJ .-l;iv.r....i ,jUl *3 JLJ - 

dilj SjLJ ^niaj ^^ic. Jllo jA 3.19 J^JI ^gi ^Jaj -<31 Mach-Zehnder 

^ jij t^LaLill <g_^. 3* ^ \)\ 0-° » j^ll ^3 

tS jUI jLa£j| (_ 3 A l Jt - Q jLuUa U^ a 3^' LS^] 

4_iil jk jl dc 3 j.^3 (J ^aIaIIj <9j^)xa]| ~ * II aJL^c. ^c. 

O^J 4_£^)j-a3l ^jLuixdl (_£^l 3^$ >^l t _g£-l^p L^*^ - ] LS^” ^ jl? 

% 

3 -o ^^)djl <j^lla-a]l Ajjl^ill ^^a-ujj .^^)^-a]| dc. 4 _iJ ji>>i\I d^jLujVI cJ^xjj ^ 3^)311 

4i£)LxJI J ^LtliA (V^) 4 Sj^aj 4_ii]^3 ^j-all ^Jl <_£ 4_Aiall 

V,= (nd>0/(2Lx (2) ) (2.19) 


^ cJ^ 3 L C(_£-^.^a]I (J^lall A (J^IjII a^Lg-uj d 3 ] ‘■— 1 

. ^)Luj£j V I (J-gI_*_a n 



Jiifl Jixj .(Mach-Zehnder) j^j - ^U <^>a Ji*-* 13.19 Ji*^l 

.J£ (2> JJaij ^j^dl £ jaJI 

j3jj]I JIg A_ijIj]I a_u^)-g]I 3 -° ^ jl->-s.\ l ^L- Aj^)j-a3l (J^c-IaaII 31 Iaj 

a \» ))^y (j? _$ll 3^3 ^^.j c^isl 3^1 

3 j^j 3^ up diljldc-VI (jji c<a±laAll ciT^I-naII J] Ajjaiillj (Quadratic) 

J&V! x (2) —II jIj- 3] • ^ j-^*a ^ic. y^~ * LgJ 3 ^5-^ ^alj^l 4 j 3^3 -0 ^iC* 

CAjjjj (Jja AjjjJaxll jjc. CliljjlJI j 4_i.li.laJI - Adh^^ll ^A Ic-j^d 

— llsjj c(KDP) 3;i^jjA^-SI ^USill ^ j^joiIjjJI djlLujjSj (Lithium Niobate) ^ 
ttSj till^Lujjj 4 <axj-£ a 4 _iLgc. Ajc. ^ ill A-Jlc" dil jjL 4jA*n 3] *(BBO) ^ jjjIJI Clil 

.^.al^Aj 
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AjjjJaxll ^iC. dll jjUl ^ic- A , i^aaH dll ^jaII ^ja Ajjdaxll 3l ^a!1 

(Jj.Wn ^iajaj Iaa 4^j>»qViA J^lc. d_ulj (2) $A_illc. ^i3 ^1^ •'x}~' > ditlnlaj 

ac^jaII LEjli aA VnJ aIaJ (4) saJIc. a^sILuo (3) saJIaII dil33jall de 

(6) ^AdaiViA A qK"i j ^3 LIj^ja (5) $Aili^)-G _jjC. djUV A^ n'l (< 10 15 s) 

33*lil a ~>jVij . (Photo-bleaching) (j-Vn/’i — jj jill aJojaI jj ^^jaII JJ 3 II l^juii la i a Vi 
qC- LaIj Jfll j j-aJI Jjdill dltiifLaJ J 4(_£jj-aill (Jj3Vill j 4 (J AW .a 11 (_£33 _jj1I JjjVill 

^\ja Ail j2l Ajj-^- o3e ^)J^iaJ 3^3 Adlfil! Ajj^aII ^ja A_id^Lll 

Ajlij^. Ajc.1 jL dili AjjjJac. dillija. (Non ventrosymme trie) j^j-all AjjlaliiV 

— ^JAAXJ^ AJjaC-I (JLa-G d lV*1 A^ JaII dll^JjA ll^lll I 3A QAtS^li . |3 

.Liil j Axa-\a AiJall AdLJ (^-4 j *dl^.3 jL 


dll ^jja jl^li (JL^a ^3 j-jjLMl ^^3 3g yj c. V'i^a di«\ i ^jj^dVI (j-j.vi* II ^3 L$ 

(j^Ill (J-oL^* L£ JpNi A_i^,L^.^ Aj^JJ^jl A3 jL«oa qC- S^)l -iC l^jl .A_g_a. ^aII 

Jaii^A ^Ij 3 j Aliix^aJ jl 4 . ah>i LjLa) (J£ja ^^Ic Lai NLO (Chromophore) (jj 3 ^ajj£) 
6 ^ja£ £-a J^ljdj L)^ ®_jLc. (_£jdaxll NLO jj3jaj^£ 1I . Li£ jLaJ 

t ^jiiLlilall ^j/nlg ill ^ ^jilx-jJajlQ ^jjjj^l^U aL£ 1 g <_£jVl j ^jjjj^l^U a^jIa (Moiety) 

^jl 4 A-i^LiiA^LlI j Ajjj12L1I aJL^JI ^ .A_nla3 A_dj 4A_ille L-j\ LifruJ VilAs <_£3 jj Laa 
^& 3e <jl ^e.^)llj 4 ^lallill Aj^£^)a Lj^£Lg ^A o31a1I AjI Vuxil cilLiA 

jA- x (2) J*- ■rO^kll ^jIIuIaII ^gic. j'^A L_J jILaII I ^laLiil! 

JI^a ^llaJj 4T g 4 Alli!ijl A-^-j3 (_3j3 ^iaJ^JI q\ wij 4^a jAtA 

A^-j3 3^1 3^)±i ^aJ ^ja j 4NLO cIjI jjSja ^ L_iijjj 

3^1 ^JaLliV ^3 (. _ n'ljjll .^Ja V i Ajxj l^lliA (JL^aII U^ 1 L 5 ^ A3^>*-1^ 

dilj A^k.^A iAjI^iajI ^ g3 AjjjjJaj^^ll AjjjJaxll 3l jaII AjjI V'Vu^l VijI^aVI ^jIa ^ 

ajjc. ^jt cIjIjjJ u^- c^J 26 -100 GHz < 3jc.j <1.0 V ajc. JaI£ JjAu 

4 (_£ AVI!! A*3l j ^Laa 4 A-i^\, Vi a 11 aJIaJI l"u\ L-aU^a'I AjI^j ^3 tA^I jjaxII A^jlill 

-lajl Jj J 4 Lille. Tg <21^ 3 Clil^JjJaA (JIaVLaI lT^-^ l )- 0 ^3ilil! ^aJjaJ 

L_lx-ulill Aj^^-ial J 4 LnlL-aJ A£jLa1a CjI ^^-gJ j 4 J ^A J^£ll 

Ac. L a 1000 O-G Ajj!j£La! Lij32k i\ja Cjj^Jal 4 JlfuJI ^ 5 -^ ‘(Dendrimer) 


27 


. 85°C 3ic 
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S102 


qa Aolu ljLLlL Lul J ^aya ljIajL MaIaI ^^Luajj hh^a 14.19 jLuill 

28 o-«) (Zr phosphate phosphonate) I cjUjiujja 

>.iall AjSjj-aVI 4j» Ay\\ (jA 


^ Aj_j! ^)£LojI ^ic. (J ClAj.wMt (.* \ \kti\ 

4_JjLgj V AjjjJac- ^j'uAi CIjIjjILg t(Poled) 

jA likj-aVl " '\)^> 1 " i . ^Ti V ^pll (Non-centro-symmetric) j£ j-«JI 

(Jj)j>^i^k \1 (jj tliA 0 jliVl ^Ja . J JAjfi ^J&lkAA ^AC- 

^ ^)Vn . A-n\ V’V'u/il 4_1 aAI j3 ja\ ^A NLO AJjjJaxJI ^3 ^-iia3 ^^Ac. 

^gVn (Jc-lij 0 (J£ (jl 1 ." l£ ^1a AAiLa i. > n^ijj ^l.Wud ClAj^jliLdl 

c!jILujj3 CjU ^L uj^a ^,w“u^"i .Aj^L^. 1 <a±La l_iijujjj ^xj Luli 
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£_iJa^J <14.19 J **ill ^3 A <JjVI aJI^JI ^3 ~~ ^ . jbui£ j \\ x xi SI j jl! 

Aj^)JaxjJ jc.lij Jj Au^Lskj S jj£_j Jc. \ j! jxalj ^ gn^all Jajo2l 

(j±A jXo jJ J (jx nL»M b (Zirconated) Jj j Jc.lij j*j <(Phosphorylated) 

.^Ij JS1 Jlib J^k 

4- {4- j* NLO J Jlib 10 S*i* (jx n)a»ol l j* 

jUij Jalij j! [N,N-bis (2-hydroxy ethyl) amino] phenylazojphenylphoshonic acid 
(_jsix ) C la u^i . dlllilall o J-lxLa A_uj s-Lij AjIaxII 2j.Aaj .Aijal! (_£jl^.l jJ-alS 

Aia-ujI^J 2_uAiL2l a£Lax*3Sj Ajj^L-ali-<jU A jL*sll A j /a nil . AiLia 30 AjI*2 Aj. ioiC-VI 

<Loilc2!j A-<2a!il<2! AaaHII Jl dj\ *> £-$ (Ellipsometry) ^j-aaUSI Jakl! ^jUL* 

jc. Aj2uC.!}IS A_ijlilS\ A_jj^a 1! (jxa A_da^jU! Ajj^-aJI AjI VhxiVI C* u J .A_31 j2a]| CjlaJalS 

Liajl Aijj*-xJI j < (Second Harmonic Generation - SHG) jlill Ja! Jl! Jjall jjjia 
Jiic. U jjJa SjLJI Jjj <o!a % (2> — SI AjUc. J .(Frequency Doubling) 3J jil! Aic.1 x>i*i 
(J Ja (j-a jjl AjjoiC-I aIU. ^^3 .CO 33 jj 3ic- 3j J! p jjJail Aj\ V uxil An^x^ij 2C0 33 jj 

JLxa nj < L5 ^.j-<2! cJJall X <(j = A. / [4{n“" — n" j ) S3 UJ i c 2a2 jil! 

(jl Laj .^LoJlSI A^Lajoj LixjjJ SHG SI SAxjj j-<iL (jl ^3 jjj <^33jj (J£ 3ic. J xxiS iVl 

aJS-^J! J 2a Jill cillj jli <1.6 nm CiULLll a£Luoj j 10 pm 3j3^ S3lc. 1 c 

A_^.j3l! IgJ AJIjCIg Ajla jl A \\\A <CljlaJaSI 33x1 A_ix_ AJJJ A_ixJJ AjJaC.^! (_£3 jj .Aja! Jl 

cilSj £-o JI2 djLilla 33 x!1a1 SHG &3jjj AjJJLo jl . ^jla^ll L_liijiSI (j-o 1 g xxiQ \ 

^aS .Ajjc.^1] (JiLo <<9 j^)x-q r y^' ) ^12 Alai jjo!\ 

AxjL 22I NLO SjjlJ yf® A-<u3 jli <AjjlLill .50x1 O’ 9 esu ^ AjujILJI A-«u3 ciul£ 

.200x1 O’ 9 esu ^ ^jAfUl j>» Ajjx>i»SI jjc. 

(JLaxIIujIj IjjI^ A * Ay a A\\U^ ClaLiila £Ac* A_ia 1 iS dj^lj^xj o^c. ^jjJaj i£ 

J^Uaj c. Qxxil£ (J^* (_£ J)^J ^9 Sjj£jl C* UxilaC. < Jjl (_g3 . jLa^jSjxxiSI 

S' f 

(J i^la. ^ dboilaC. ^aJ cAii3 J 15 oAa] 1 15°c -Ijc. 4^^-Laj 64 18 oAa] 

(dialkylamino)stilbazole Jjj lil/nu (jlfat JjSII NLO l 5 j ^4 

oLa.La a)-hJjj 300x10 9 esu IajJS “Lua ^ic. (Jj^aaJl . Lc-Lj 20 o&Li. 

CllLL^ILjl ^11 aJu!xla _}^ uli dj^l ^)j£l L-li. j"' djLl^)^.V 2 1 -41 .SHG 

Ls 4J_>4J SiCy ^3 3 1 * < i (_j-0 Alila (_5 .0 NLO 
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Jjk-a ( JjiaLuuI I "ij\ .AiLib 15 Jjls-a ^gk ijA j]l jja Azobenzene 

(jc. AjLaa. “Lc.^s-4 Jjjj Aiib 25 J^k Octachlorotrisiloxane ,jLu£jW2l jjK 

31 •• • «, 

jl j£j .Polysiloxane 4l±kj l^_ik*jj 

£-a SHG Jl oAjoi] . djliiLall o JJlxlLa 4_nJ 

AjllA\ ^jjLojJaij .430xl0' 9 esu Ia j^S 4-aJ3 ^gic. J cdllafLall 

j£ is^ L) -0 ^xa^a'I J djlliLall 6 Aj£^jLaLil! 

^3 _jLai£jVl (J-alx-a (jVj 32 . 15. 19 JS^ll ^9 ^jJa^A^ (_£^.^a]I (JLaxliuAj 

Ajjjlil! J Cyclotene™ 11 ^9 t, Sl^jai £. ^Jall ^jl3 t (J 3 I A )*s a 11 .Auj^]! 

<^£11 (Self-assembled super lacttice -SAS) Ldi 4 »a> a 1 1 


^.‘AM 1^. ^Gj3j oaa ^jj .150 nm Iaj^3 aJ£ a£Lajuj £-a <ifA 40 ^j-a SAS — 11 

^ Ax a <jl ^ \x,\ iill3 .Cyclotene™ 11 <a±La l jJaJl (JaxILujIi t*il31 Li^^-a ^LiIj 

< LiIjaII L-Jj)1Aa11 ~n 11 ^jls <^1131 4 A n Sll _Auj ^ 11 £A (Jc.lijj V £ j)A^ill 

a % # 

ij-o J22I (j^S jl Laja i_j ijllaa jA jjj5j ^>j51 ^a (Modulation) 

1.1X4 l “ ' tt 1 La-0 4 340 V ^ Ilia 11 ^l£ ^1 y . ,n i iiijJ r\ Vq 4 tdllj ( A-0 .4 n j. . >> ^ oJlLo 

• lull AjotaxH NLO Aj oJnjejl jl ^>21 ^4 4 1 Jlijl ^ ^ 



Ajj)<^i& Aljli 4 £iui x-a jjj jjia ijj^S t_£l ,j^> jjA j-a Jjilj] k . 4.-^aj ( _ r da jfr ^Jalj 15.19 jLuill 

.(fLjjill . tjt.l l (>> <j jLj t32 <>*) (SAS) Luli AJUi 
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L_lluJ^pll A_iLgC- A nlV^ll NLO Ajj)^» II AjjalC-VI A-C.1 U^I Ix^ljl d^}^. 

tig jlc. SAjAC. d^yljA*J C‘ UAVumI ^ (l.4.2 ^a-uAllJ (_$ jlj Adia ^jlliuJj^g^Sl 

Jc. (Poly electrolyte) ^dlj^g.^ JLaadujI ^ a'lvn Ic- jdj J& 1 O^j 

(Ionic moiety) A_p j^l A-dLa. ^-c- Alidsaj J^sl jIgII NLO jj 3 j^jj^SI 

^&Adj NLO A_u^Ix_a 1I A W2)SI ^_£A ^liilj^g^ll toAlc. .AjjlgJ 

^Id.jj^l iaj^pl (jl .SAAd^II dtagla]l A-idLi! "1 L^iV" Alid-saJ ^-ujLujI (J^ A’i \ 

i n “\ ^ j^Q jjJ 1 i n^CI. A i ii .*\\ l ^ A ‘‘s ~>w ''l ^ > G l ^pSI AAJ.L1I ^ ^^3^<G^^^ll 

<jl (J£joi]| ^_*JajJ cil]^ .A_mll 1 jLjL Vi 16.19 (J^ ^dajJ .Sjj^jll iJjJaa-G 

^jc. I aj» ^ dl jjs {ja * L ^ A'n 1 *<Ac. Aj j~\ JI\aW Apliill <iiL]l ^jl^dl 

^jjAldl ^3 dl^j3 ^-gj^)£ 1 I A_i^.jj ^3 AjuiSLi-GlI dAA <jl £3 jJ-g]| <_j-G 

du3 ^JA Ha) ^aJ O^-J t^' lll^SI L_d^p]l A lx*'TS < Q ^3 ^Jj (_£Ajjj (. 

lj^3 Ld^jj (j]j LJ^ e-lilVl (j] (j-° ‘SHG dl_ujl_i3 ^jJajJ .^Loixl] 

tJUJI (JjUjai LS^" oAg_J ^ * H^-iOl j Ljl A <x-g^-a!I AjjoiC-VI ^)3jd LILg^I 

£-g SHG Sdol jdllj (Absorbance) A-i^LdL2)U ^La.11 ja^\ 17.19 lS^22I 

£-g ^dlj^g^ ^AaAjI ^ja <C. j) u sia AdoC-V A-^. jA^pa 100 (Jj-d e-LoiC. 4 ^Lgjoj 

Ind AjuJaljlo ^L^VI &jgJ % (2) A-<^ jj A-njL^. (Azobenzene) S j-g j 

^ jJI dal jjS^gj^U ^j^JI ^Uiyi ^j-g 0jL I^a jjl (J-oj^-gJI G. 3xl O' 9 esu 

^3 Ap . ^)1 !Lg-G AdlC.^U ^j-G^pl (jls tciilj ^-G . (jjjq^LxlLQ ^JjAbdl 

^-IjjJa V <^i]3£j coAjAc. dl^pjoi (_^A-g ti _ s 3c. A3_jitJI 6^)1^)^. A^.^A A^C. ^Lda ^\ 

* * < ^ ^ * (. IQ ^ 

Ixj^jjuj IjIjLgI ^IaSI £_iAdill ajjIIgII oaa L-dl • 150°C Aic. a^Luj 20 

Jp!^)ia ^)J^laj cilLlj . ^j15a ^j-g-g^. AAJ3A ^_j-g (JL^gII ^j-gjJs SaIc- cdllllal] 

d! jhjAjj^ aAuxi! dljYqMl ^ a^.| c > ilL'Vi . ^jk^Ajj^W aa^, jj AjujsLLgII ^ liiV 

A : i^. j!i] (jpiiidG ^)I_j!Lg 1 ^^dll j A-j jXQj] dl^j^3^Gj_^)£ ^jC. Ld^C. Aj^)-G^j^-G 

Procion Red jj 3 j-gj j^ll a^ 1LL^,g 18.19 jpj .Idldl jjSj-gjj^II 

A-kujljj Poly(allylamine hydrochloride) (PAH) — SL LS jUjj Uap j-g MX-5B (PR) 

SI UJ"^ ^ *GjqSI oAA Aic-^ 10.5 Adqj pH d!>lj A a "ill 

6 JA J>J Iplldjjg^ PAH AifL JaJj CpJ^-2 QAJ ^.(^jjjj^JJ Jap^i J^C. PAH 
^JJ^J pH 7 Aic. (J ^ (JjliA d^J ^Jjuiaitlill aIxujI jJ PR ^j-G dL jiLoJI 
Ajjoic-V llxlO' 9 esu Adqi ^^ 2) ^jlc- (Jjx^i^SI iS^- l&Aic. PAH 

^jl vnj .oAA A^jldll /Ajjldjjj^ll A \)>g SI c_iLuj^pll A jS^C. A lit Asdxo PR/PAH 
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a 


^jUmi luu jj AjImj flwfr ^ ^ jtia" i_ujjj1] ^UU4 . 16.19 JLuJI 

a$ i ■■' Cilia . j j^S) jH Aljia 


i“'l ajUIl JCC. 


CiUjh'l jjc. 4 JV .11 SHG SauJ ^^jLujJil jiaJlj 500 ntn lit 4j«ol ^"mVI 17.9 JLuJI 

(jjL 38 £y») jjL'i) jlj 4ijJ a ]jj$£ jjaJjj i_u*hjjj -• » • • n •' 4_Lui&V 


■2 






6 JC- ^-iluaj 4_uu AjjIIlu 4j£ jIwj A La A l-lu <ijj AjLulI ^titiA a ^Sa jj 18-19 JSJUI 
WILEY-VCH Verlag jAil! jIj jjL 40 o- 3 ) a *'*?* AjjJaa ulLL 

(GmbH & Co. 


Summary 


oaala 5.19 


4 ^aLx-aliAl dll dii j i dl_lL-a^«Q ^IaII 4-1^Ja)1 j Ajjx^all jl ^a 11 

. \W did j J&DU 4_Ag_A ^xj 1 g *1 a (J» Vi 4_illc. dLijl )Vq‘u3 j 

(J jjUSI pijLJt ^Ac. ^1 l^^ 4a a^aII 4_dl_^[l dlilla]l ^)3jJ 

<aj^la AlidaJ Alic-Lill 4jj)x^iatll dlj ^J.l]l ^9 L_Jjilill^ dljj^)j^]VI 

. J)1 g y\\ f. I jl 

(Jjjj^lVI dl^jLa Jliill 4 W j>a'l JIM ^Ic. 4d ja>»M jill dl^iAj] Add 
1 g * >»» i ^jc. 10 nm JjUd UJ^ cs^' ‘UJJ^V' 

. ul 

J i ^ L 0 i ^ *\ ^1 ^ j t ^*1 ^ i 0i s-\ ‘l ^* 1 ,z\ < \ ^ A \-*v 1 . A -^N \ \ l * ^1 ^ W n 1 1 

. 4_ij J^j'qVil Jj&Ia — ^dl_A L—1 j)1)"ia11 jfij 

cljl^ixul^JI JjAia — ^iLo ^ dlj dll ^-Idl 

.4_^JI_x_a]| J^jl^)ia j^A (3^J 
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diV ^9 S .^xi A_ijlj]| (j-a A-Ja^^UI Aj^j-aaII dAjlVnxiV I 

. o ^laLlLaV ^-a L_lUajj j c CIjV AiaII ^ t A-jJ^jJa^^jg ^\W 

AjjjJaC. jl j-a ^clUj (jl Ajjlliujj^^ll j Aj£_jLua 11I ^1 HI ^j|_jJal (j£-aJ 

(_£^)l^)^.j ^jLq^ ^)l^)ilujl l^Jj 4 \l~i~\ y j Aj^x-aj ClAjlVuJ djli} A_nla3 


Questions Zlbd 

JLaxluilj .~5xl0" 4 A/cm 2 Sjta jLu Ail!i£ 1.9. 19 ^ CjULuII — 1 

^ A_i^.^)LiJI A_ixaj)x>^\l Se-La^il L_Lui^l ^_3 dUax-oll CliLa^lx-all 

. ( J I^jLjj 4'\k>.s-x) 4x xi-sxiH ClAjj^jj£lVi 


Ss-Ljaj i” ^ Vi A_Jjoiaax 4 I-V l^I^IuaII 7.19 xaiII ^3 ^JaJ LaIij - 2 

. 1 Cy*_),) ^} (J^ £(J-° (J-alc* 6^1c- »J$ 7 -*^ ^ 0^4. t xJa^Loll ^ iVix>llj \ ~\ ks-i 

Aj)a*s\l AjI VViV I J^3ljj ^jl C > l~sj A-laj)^\x> <1U. I^ujI <jl £9 jJ 

(J-olc- A_aj 9 La .A^jjixdl A_ii]^3j ^A-a jULall (J!la^ 

Aj L_J jt- ja _jj 1C. t^ilj (jl£ (j]j ^j£-axdl ^j-a ^3^ ?aJL^JI 

Cfi (jyL uLa I-V ^ lVlx>l (jjfLj (jl ^j^-aJ AjV (J 3 I A-aJ3 (J-olx] (jl 

. ^4 a Wl ajlA ^3 l_i 1 Luj 


c^aj-lx-a ^iC. £-a ejLa ^Ic. tCO 6 A *u A)^ 1 i* x> A^^-* — 3 

!A9^1*JIj g-lx^qll ^9 4 m x> 4 JaVi Ale. c_L-aj (_j£-aj c" n^s. \ 

. E ? = Eg cos (rot) 

.E 2 Ajj^)xi]I ^j-a L-j\ J-i? H*)V1 LjAujIjjj 1 1.19 AJ^L*_a 11 A : llc. (Jjj La£ — j 

Clalj^£-a cAjlrsll Aj! 1 ]! 1 a]| Ja ^3 AJ' V Ja ^3 oJIc.Ij 

.A-ijlJa'qu^Vl 

Eo dc I x^ajl jJ i CO Ale- ^Jl AiL JaVlj ^AjI (jVl ^)iic.l — t-J 

A_jj^a]I ^a L-j\ J-ifr H*)V1 djljj^-a t|l| ^^9 La£ .ojLall ^Ic. ^lLa-a 

.^1^11 (JL^-al! ^j-a 0jUI AjjIjII 
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J>J| ^3 CO A^C- A-jl^l AjJ^}a]I (JA L-il3-»q UaiVI — ^ 

A^.1 j (jL Ijja a . ^ ^<qH dc aJojujI^j SaIaII _jLu£j| (JaLxa ^^3 (JjAaj 

cCQ AAjjll Aic. Ajjlill Ajj^)a]| qa A-ijI J o'q'n^l j (P = £ 0 %E) AjJo^'l A-ijl Ws un^l 

QjfLj LaAIc. Eo J 1 jItn ^\»*n AjI (j^j <E 0 aJ' V Aj (JAxa]I _jLa£jV1 (JaLxa JA^. 

. ^gi jVl Ajj^aII <_ja L-j\ Wq i * a' V 1 (_ja ^)i_»-£al A^lil! Ajj^aII ^ja L-iU-a'q UaiVI 
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jil\ dl jjLJI 


Photonic Crystals 

' 'jl j ‘^uis lsjjjI* 4 4^ 

• WA 98195 t JjUui w ij^a u*il j AjlaIa t ft 1 jaj^ll 


Introduction 


1.20 


jl ^-a ^ja Ax \).s-xa Lull-a ^(jUaj 6j^| Aij ijj^iil dll ^44 ^Iujj 

\ 1 j, . * 

jl (j-o «. s'u/i 11 I^a ^ jpfll .A_aiid-a jL£i\ di^Lal*-a dilj 44 AJjlc. 

^ . 32 * + , * 

A_ajoi 1I . (JV Uj,i-a ^^_i 1987 ^3 U-^-J (_J * 1 ^ 13^44 (j-a AjIaaII ^^3 l ) ud o.’li.wll 

Sji la A_ijjjji]l 4’n'n ^ (Band gap) (jjUaj 0 j^3 j ja. j L5 a <44 4 SjjIJ a_l ujLuiVI 

_j jJo^xill (jUaj]l A la qj La Ajjoij l_3^1ujIj A \ * *ij J-Via j^-£ll C1 jL^.^a]I _jLuIljl ^3 

^jJ-^^all (JjUaaII ^ jg (J-a*Ilujl ilj-lLa . (Jj-a j-a L ^9 djljj4^^4 <4 j4^V^ 

^3 Lgjt-a ii_£J ^Vlll j ;dllj jJ A jj3j A-aJ^La Slj! Aliix^aJ 

jl ^Ja ^_aix-£a]l I^J Ax.^iLa dll jl (jia^)C. .^Lda^il AIa^a]! jIaj^I 

LI) dlL jlddl L-fltLV L^du^a J-a*jjd (jl cAdjj j3 jj^aj ^L. a 3 ^.AjjdJI 

L^JLaxilujI Idajl j)£-aJ .djbj Jill (j-a Ahx (J4-a (j-ada 6 4"^ jl 44 la'qu^l j)l£ 

^dal jl ioih.a djldijp dc. A m xt A_alada ^9 dlLjJ ^ill £-da ^-a aJLlS A_1lujj 

aJLaxIIujV jl ib_jk^A dlLxdl (jj-ajJalll jl ^l!La ^^IaIaII dlLxdVI 

.A^Ual] Ll9 jjjd (j^x-a d^ jaL ' Q (J.^ 3 <4^ ^ jJ_4^ 4^ J* A!ikx*aJ 

f , jdail Ajc-La dlljjjJ Ac.1 u^i ^3 411-4*dail AjV 4^ A-a^-a (j^al^dll &A& 

(jjAtiVilj cA_iac. (_^l (jj>d (Jj-a^-a c. 4 6tdjjjLa!La <B — ^ (LEDs) 


* * Younan Xia, Kaori Kamata, and Yu Lu, Department of Chemistry, University of 
Washington, Seattle, W A 98195. 
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Ad 1 j Ad\j^^l~Aj^)A«-n ill j Aj^a-aJI (j-Q <_£^)dl ^1^1 L) -0 *^*^*^1 £<1^1 

5_7 # 

.\j^)A 1 n^i Vi A_ia ^a£J1 

c ^ 1 .20 cMI) Aj^llll jI*jV 1 ^ 1 Adjj_^l dilj^lJl ^^Ic. diL^jVl dix^jj 

AjjujLujVI o^lll c* i!**ia*i dilj .AjjjjI^I! diljJ_j!i]l ^ ~n mg nil l 3-3^ d)A ^ qj3-ill (Jl~v a!1 ^ 

(J^iall jAj 4 1.55 jUXU l}j^ AaII JjUd S-l^JJ i£*-^ C5^ Ha L5^ Ajx^UI 

A_jjjj^ 3 dil^j^L ^ u«ojj . Aj^^ ill 4 sLilVl diVlx^* il ^3 \_1 ujLj3 A 1^*0 j (J^jcIuiaII ^_^.^a11 

(Jc-lilill ^jc. l og 11 11 a (Jl^j 1.55 (Jm (_j-° cJaxII Aj-ujLLq 

^alc. diVl-^»A (j-o (jc. JU-a 11 l^A c <aVi^w j Laj_j ^ . A-iju^^lill j A-ijlxj.i^ll diLoil ^.lll 

dlULdjl A_l^.jJj L_flJ^)*J ^2 A_1 aA1 1 JJ.J1 A-IJ^jujL^JI dlLujljJl dill 11 4J1 ja 11 
c_flLojj£l (_£ A-a11 a dlliUaj J^iQVil 4 Jllall (J ; njjj • (JI>a11 11a ^3 dlj^ill 

l g (Volume fraction) ^*>^1 1 ej^Jl j U jJald lJaAi Iaj) AjjjUI ^gdSI ( x_ia^ 
2JjL*JI (jjLliall OW jLAjV' J^U-a <^a jjUill <^-^1 •iaJI j 4 (Lattice points) 4 £jJil l 
Will iij 7,1 °.lu}jaJ dl^^jl ^aJ 4 A_ij^jujL^J1 oI£L^-a 11 ^)JC. ^4_daidiA]|j AJlxll 
Aj^j A_ id Lilax-alj (J^ia*! i ^A j I jl ^a]1 ^lc- ^jOal d)AjJa (JL^-all 1 1 a ^^3 ^jujLujV 1 
^x jnWll A_i^_Lo (jl£ 4^jLoi]l 11 a ^3j .A_I^1*_a A qK'i j 4 Aj ^Wia l_1jLuAj A^,^j1a 

(_JA Al^xl] 6 ^a1u4a 11 Jj)g ~n 11 jldll £-A . (JWaII 11a (^3 dl^ll Jjg ~n! ^^.ujLujV 1 aH 
u ^jouj AdjJ ^il dll jjUl (JA (_£Aa ^jlAi ^jVI O^aj 4 A i**i *\ ill dilc. ja^aII 

^X JaViII^ ^^lc.1 - dLjllA jl (^JJ^IaII l_i3l^)0 jilil^l j (Jdul - 'A_ a3 CjUjUa (JLa*Jjuj1j 

A_ij jj^ill djl jjUl 4 <i ^-LilaA-al (J aIaLuj o^)laJ ^_3 x^-a^U 11 a .^^jllll 

.A_idia^]l jI^aII ^ja Ai^Jl < Sj-^ 11 l^J q^)j'ia 11 dll Qj^J-Vill ^Jj Aildaj 4 (3D) ^IxjVI Ajj^IHI 


W#®#) 

“imier 

— ss; 



r __r^iWWjQri 



(ID) 


(2D) 


(3D) 


£y» 3D J 2D J ID u& ‘Uxaiall 4jjjj_j2 ljIjjLI A jlajlaaj Cjl^Luajj 1.20 jLuill 

. LuLj^S AjjUJI (j j> (JjAULa 
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cAiUoJ! jc. S a-g.iLg cJjVI ^.3^x1 ; ^aLuial duj-Gd ^s ^IVi^a (Jj-adl 13a 
. ^ajg k/i\\ ^jdajj] (ID) djuV! Ajd^VI A_ddVI (JLaxIIujIj ta^jJa^dl dllsUaillj AdjJ^ill 

Ajj^j AdjJ j3 dll JjL Ail jJ ^3 AjjjfLidl Idl JC. Julll dlljld jl-Gxiull ^1331 ^xdll ^Jjjslil 
Jadddlj Adla A d3a ^ j^j^jdl ^xj u*a ill jpa ^ld j}-GjJad A_I!1 gI £-g t(3D) dauVI 
Ad^)3a Alld-aJ ^jl 331 £_1 a^1i]I CjUjISJ L^-ida jJ dl3l!i3l ^»jdl3l ^ida jJ . ^sl C. ^3 ^Jl 

. A_i_ijj^ 1 g id*a 1 (JLgxIIuj^U A-gj^Lg (_£Aa3I Ajj^g dlldid ^Lilaj-aV A-gIc- 

diiddl Ajdd^l (Colloidal) c’il ^hh-nII ^1 ill ^j^Vill ^^Ac. ^ 

(Opal) JdjVI :ajc.jj aIIgI a!£)u JIaxIuL ^idl jxdajj L_a^j t (Monodispersion) 
AdljA dil j£ j-G jj^dl (Inverse opal) ^^^dxll JdjVI <Ajjj£ diLjjc. j-G ^ ju^d l 
Z jda3l £jl^)3l ^joikll .Ajj^)^V d-lLi j^)C. j-G A_j jd-G Aj^j^L dlldid j-G j ^A_L«aJ-G 

A -gJViVI d3j ^Ac. jj£jl3l ( x-g 4 Ad jj jill <dl jjLIL A-Lad^dl oAi^ill dil.qj i)a ill j-G 

dllAbdaVI jc* dllx3jj3l (j>i» n ^idVI ^»-dl3l ^>“iAj . c. *<ljlj333 A_Llii (_j^aj\ >/r\ (jia^)*j ^j3I 
. jI^-g3I j-G .li.ldl <. flj-a3l 13 a A-dd-uidl dil^-jVI Ia^^J A VVi jl j^-GJ ^331 

$ jjfcvall djliUalllj 4ujjjji]| djliUxUI 2.20 
Photonic band structures and band GAPS 

diV ^L*-g (J^. jc. ^joUJ Aj j jL A*s n‘*il jj ^A3I jUd3l Adj l_iLui^. j£-GJ 

2.20 (J^d3l (jjUJ • ldld>3 AjjjJ yi^j ^Uj^SI dulj ^jc. Cil^ (Jj^joi£Lg 

^x 2 l ^aUaj AJU. ^^3 Ajj-lg^-g ^^Jajaill ^gic. ^^-xdalj J J^)J dc.^ ^jjJ^ill (J 3 U -1 ill 

.AliLa Adila ^nqVi A x> ^jjjjLgI AdiS^j A_ luic-V c_JjLiLg]| ^jxij.1 < n"’iIIj 1 g » ^ j^-gJj 6 (ID) 

CllliD^'llI A^.1 J)l (j^-d C ^UIgII cJ^I^U*iV I A_ix-aldj ^*jj (Jj^joi^Lg CllV ^l-st-G J 

A_ajoiII ^ijLiS ^jjIjLg ^J^)Ja ^jC- A_LaLuUJ dll^J^jll ^>-g (JL^-g ^1 Ll^Jaj dll J>^H J 
Adnl! diA (^) (Periodicity) Ajjj^ aSV^j ^^jSSI ^jc. SjIc. jj*j lilliS .AjjjJ Adul 

^3 A_1ixg]| (dlSUiill Adb ^ 5 ^ (Jjo^i^ll •SjjUIl A-gjoiII o^A dllliLall o JJbdoll 

di*_^.jl ^aJUJI oaa cl3 dc. ^jn'q^ll t ^j\j^^]| 1.2.20 cJ^-dll 

V tL-ajj^ad Adaxll o^A aJL^. ^3 .GaAs (j-o (_^dl~s'd ^i3^j ^.Lad Aj^jj^II A£jd]| 

Aadalli AiaLuUJ $. jdall ^jlx'nj 4 Ad jj jill dlliUdll Adj JjUai &J^3 jj 

A yd II (jl (jdjjdJl U 1 ^ • 0)(^k^ = ck/t^' 2 diLaoll aJjIx-g ^3j ^^j-gII 

a die. dlldlll Jajiad Jid (jl L_l^J ^(Brillouin Zone) jl Jj jj AdklG ^ jld A-ud ^A.jdl 
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^3 CAliUVi'l A_nj ^J.2.20 lMI . lAAjA^. (Jj-aJ LoAic. AllalAll ^Jj 

13 ojA3 ^jLj^£ J> CIijIj dli^. dllaJaJI AA*lix> ^LoiC. A_1I_^. 

aa jj a^.jj illaJI oaa .l_jjjjj 1I ^gic. t (AlGaAs aJL*. 12 j (GaAs 

l^ixi'i 2 _iialjajj v toj'N.qH dAA J^Ia .(n = 2) J (n = 1) ^A^l (j^Uaill (JJJ 

^Ic. oL^jVI ^g-3 djlliLall JAxIaII ^LuiiJI ^ATnj (jl (k A_aj3 ^jC. £-LaAJ^ 

LoAic. t^ylfLo) 1 \ 1 3 12\13 (j-Q (JjlxSt CIdIj SaLj £-o .^JajJI 

s # % 

lAA (Jj-o ^J1 ^jLaiJ . Uajj^l.o Lx-ujjj p oAA GaAs {ja A_lix]l ‘u*o i 

.Aj^jjAII A^iAill oAA ^3 \W ^joAj dllAA^p]l A_^Luj ^3 1 laViVl 

CjU. jA\ ^1 Jal_AjVl AJ' V Aj ^jj)1vn<q\ 1 ^gj jj jail ^Llaill ^)J)g ^ ^-3 Ix^a ll ^jS<q j 


A_nJI ^ aSu*i\ 1 Clulj 


jl ‘2a (^j-aJI JjUl CjIa (Standing waves) Aij 2 j-oJt 


^glc- ^LLaill ^3 l^il JjI jJ A_jjaulaix-oj^)^ CAL^^-g £_AjJ LaAic. . Aa \W gAj^^II 

IaA ^j-a .100% ^gi] cJj-aj A_illc. 6^.La£j A_u^x_Lo ClsL^. oAjIc. Aj^jj tA_ijjj^S S^}jL Ia£a 

LsjLj$£ Aljlc. Ujx tiljluj c*\L*n ^j| AxJI SAj^.^ 31 A_Ajjji]l CjIj^LU tJ^UVi^ll 

A_j^)j-£a2l L_ fljjl-sMl Ax.\ u^i ^3 jl^nVl £_uj! j V^-a*2juj 1 &AA CliA^j A3j cA_aIj 

aj A_ijjJ]l CjIa jjaII 




M 


P 

I 

a 



(ka/2n) AddLJl 


(ka/2n) 


Aj^J ijju Ajj ijjjS SjjL AJLi ^ i—jj^ ■■■>■ «H ^^JaU J jjj) Ajj jj ijijl CjllUaljj ^li 2.20 jLu^l 

Ijjliij i(l u& A^xuiil AjjjJ . ULj$£ (jjjJjlt (jijjLa £y» AjjLiL) Jwa Afr j *n r*M ID 

AikLJ! Jlu .e 2 = 12 j £1 = 13 (v)j • e 2 = 13 < £i =13 (S) u* ^Lj^i Jj^ii 

lAA .Ji lAJJjj £4 j i*Lu ujlajj a jj^ A^^a JjJ Ijjlaai 4 Ljjjji liUaj A lalaa «" 

.Sj^jLl! aAA jjfr jUiLiVI ijjjll . ^alklil 


dll o^lll JJic. La OlalUl Adj ^. qj . dtJI A±i.j ^aLiaj 2 JLa. 

J>il AajB ^ ^ILiA LolUa dll] j ^ |dllallajll ^ui o j jl aLLa]l dllc- 
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ClilaUaill jAJ jAAJ jl lnl« °i aIxjVI Aaj!>Ia]| jl AajIaaII A aIViVI Alla. ^A IaI . ^Ia^^II 
jl ^J^IaaII jl^ ^al aII aII jUaill A_S^)XJ . AaIaII yit. j AaIaII o^jl^^xdl 

ClilaUaill A_nj ^ (Brillouin) jJji^)J AkLaAA (JaI£ J jia ^^ic. I.Vaa liUaj Aliix-aJ 
Aj-uj AjIa AaIaII ^)AC. jUaj ^1 jLiaVI L_lic.l ^^A ^LaA j^a. C5^ .A_ijjJ^ill 
ol^jl JjL Lf Jc. JliliVI i \)h ^ JaSa j^Jaj AjV ((Stop band) Axas jlkj L5 ax J a Ia jl) 

A\y\ 1 aIxaVI AaL^Ia AaIa jLLaj o^aA ^>laill Ix^ail j^AJ . jA*A ^LolaI 

£_iAa. yjc. jLxaaVI fiLajI ^iitAJ l-o^C- l^Al^Ajj (Ja.ldij ^aII Ax-all ClilaUaj jA A^-j^y^ 
cAjjjIJI A_ijJl_J AASjka. (JjUaj SjaA j^laJ iAllall oAA ^A . c-Lda^l! AaIaII aIxjVI 

(_£AjJ VI j^AJ . (^ja^II ^nll SAja ^L^l) ^Ia^^II di^A jjlfj JJ ^sldaVlA 

A_n j ^A a!aI£ Aaj jJ^3 djI^aA jj£j Jl ^iSlVI (JaLxa ^A ^£^)jA jjxu^’i 

.CaIaI^I 

CaVaLxa (JaA 3D a^Jhl ^ Jj jAll jUaill AaAj ^^ic. (Jjj»-aaJI lx>>jl j^AJ cIajAxg 

t> 

jC- AjI jll AIaC- . aIxaVI Aaj!>Ia AjJjA ^-1^ ^Ja^^II (Jjxll d L)I a d C(Jjjja£Ia 

a Sum a_aj J <jA^)±J (scalar) I-iaLoi la.A ^aj (jAiia^j ^-^Ia (Ja*ajaI cAaj jj jill CaIjjIJI 

Agio'll jV AaIa jUaj o ^aA jj j^a! Adi jA j_J-^ j' d ^>J oAA (Jaa AaJI Ajj£^)A 4 ax£a 

J m L? j 0° (Jil (Reciprocal latttice) ^oj^JI l g , lSu : ; 1 l jl jjjj 

^-Ax-a^l Iaj^Lq AxJ ^1 ^^^-aLoiII ^'A^aIII jl Cl±£j| t^^kl c” l^k ) dale. j.q-s.qI AA^.^)UI djLxl jaII 
jjxj jklj A-ojlx-a ^ jLdj JI^aI L—iao Ail j c aIxjVI ^aUaj CljlaLlaj 

^ . A-LaaiajxA j^^ll CaI^jaII A a'I J AjjIa^^II jiL£^)All A jg V‘ix>ll Aarj^J-all jliic-VI 

(Plane Wave Expansion AjjIaaII Aa^jaII jA j Aajjia u^il c S aaxaa ^oIaj jjj jA 
aI*jVI Ajj!>Ia1I a aIViV I aIU. ^ JIajCLujVI ^ Ic-jjja CjI jaVI ji^l Method — PWEM) 
^j-alx-aJAVI A >jV^ AAj-k-a AjljV'i ^.1 ja.1 ^Jc. Aaj1j^)^ 1I l^Jjc. Clul jJ ^""lA'i V i _^lll 
(JIajCIujI v^j t( jAl*All (jAsj Aa^_a 1I djlx-al x-a'i^V I CaIa AaI^VI aII-^. ^^-2 ^ . (^^)A^aJI 
jJjujj^) — jA — L*aj^jj£ AjjIIaI ^ jj jail J^aII Ia^jIajc. 1 j^-<^ 

Ajx^aII j A-aujIajoiII CaI£jja1I aIL^. ^.A-ijjjj^lVI AaI^jVI a^JI-xaI o^jla.all (KKR) 

cAj^Aj^ ^jj^Ia (Jj 3 jA A jUn^aJI ^caLHII (Jx-oq^o t \ks-i j ^j-aAaJj ^ yy t A ,li)»i jll 

aAxl ASij W AS Hxill ^aI^a jA ^ajjojL^JI (code) jl-A^)ll Jj^iVi j^AJj ^iAA^Lojj 
jA Aj^^a Aa. jll Ajj£^)A Aj*£a AS uxi aIU. ^3 AaI Ia jac. (J jv^ll jA .CaL^aI CaIc. 

Ia^a tillj j ;Aaj jJj^II dASUai!! AaL ^A jjh^kA Aaja jUaj Ja^3 Aa. jj tAjj^)£ s-Iaj CaIaJ 
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^al 3Vlll I^A ^3 <Lalj (jUaj ^ J £-^3 La (jl • IJlfi' ^jL^)£^ 1I J Jxll (jjl_£j (jl£ 

l-l^A ^)Ja\jJ Jjddj Lade .W Aiadll dc. ^laldlL J^-oll J^^L^JVI ^A 3 ->j j.j. 1 ill L_lx£-a]l 

Adj ^3 CLillillj ^lull (jjsUaill (j^J AaIj JjUaj a j^3 jjW'n c^uLall Adj Jl A^do 

J— k 15.7% ^pi 4_ia^j3 is ^ 1 •’ j ^_ll ^ j ■ is a A Uni £-a tAjJjJ^ill l " >1 al \~t '.II 
‘3-6 Jija.jl) 13 (jilja. Jjc. jjlijj~ 37% t> ^ <v> (.j^. Sc IgjV , 

17 - 18 .(jL^VI J«U^ aJV^ 

^jjSdl J-u-aolb Aajjjjall CjljjLl 3.20 

Photonic crystals by microfabrication 


l.J lui 1 J^_uj _^-°l (^A l\ju^\ A-LIaaII jl -IxJI AdU.^1 Ad jJ jill Clil Ac. I h^i (jJ 

Aj jLlla dllija (jA 0 a^a L_11uj^j ,\x ill Ajjl^V I A-aldV I All jJ (j^-aJ t ^ILaS I ^jdLlA j 

Alajajl^j Idd J J jLuV! AjjIjj]| A a)ViV1 ^Idl (J^aj U^- $ A ql‘iA a AJjlc. ^1 ja ! 

Ad jjjAll l“ i.Wj cillil A >j'Vi ^.Ajuflt ^c. A-ijoiLujVI ^lad^l (Jx^aViII 

^ il^l ^3 A_IduJ l" \\ \ 1 jLoojVl £ja!j Vl^Liuil jLuVI ajjIjjII j! ^xJl ajjL^VI 

(Optical notch Ajj^-^j Aa]!1a diLad^A JaL^ ^pll AjjLdill Sj^aVI (j-® ^pc. 

« • • 21 - •• » 20 
i_ aLJVI Jc. ^I^>j t •• <K i j " tS jjL ^.i t_jjL^j i. a <jl yi j Ajjlc. Lil^pij ” t filters) 

^ Ldj tAJlaJI jjjiaiill a ^ ttilllA Jljj La .(Bragg gratings) Ajjj^JI 

^ij ^lAj-silll ALLuj jIaj^I Ajj*>Ij AijjJ dll^Uxi Aj'\)V^H ia^Alill CjUISj ^niaJ 

.AaIj Aij jj j3 ClilaUaj AjjUi^II _jjjIx-<i]I ^ jxtn \ 

tdJj]| L-Lk-saili A Uti'ij jIjuVI Ajj^liill A^uall AjjjJ ^j-saJa j ^j-a jjh^^ll ^Uaill 

dll j^all dllix-aida ^1 ya cil^pdj Lade. L^dj ^Jtx^atll A-a^-a ^r h/i'i ^jl ^3 jd Ajli 

j! yol\ lnj<an\ ?-_)-<ill cdlVl-^J! ft^A .Aj^-judidll (Jj3 jl Ajj^aII ^JIsLIaII 

idn ^ 300 nmj 100 nm (j# 1^jLujIj 3 ^ jl jjj Ajjj^ia t5 Ju ^ ^jl*JI 

^-a j . dll ^La^jLill dll ^jdc. yA JdaSl A3^J Aalid-a dlli±Ia ^3 Jj>d) jL^jV j 

^^^Illl ljuai ALiixiiJI jLuVI A^l dll xi II ^j-a Ailjl ^ jLaj ^l^Ll l*nW 
0 JC Jj 3 ^j-a ^3l^)C.^l^JI Lija nil jl cA^lla AaJa ^idsalill ^Jj l^C.l_^.j|l 

AxdVI AaliLa V jjj ^LaL a dllsllaj 1 g } ^-lal J cdlL^-jl dllc. ja~n a 

Ajoi^£-o]I u^-> ill ^Jjl^)Ia] 1^. o ys>yA A jLaan ^jLilllill ^jLa-uiall .Aii^ll g.|^)A^kll c*’ 1 Vi 

.fti A 
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Layer-by-layer fabrication 


1.3.20 


(1.3.20 JSjoJI) “UaJjoiJ A. i»^,a aSlAjj . I oj^iLaJj Ho jA ^Jj3l ^ c 1 994 j»lc- ^ 

jl Aj^)j! jl AlilaJjaLA AjjJa^)C. ^JalLo dll AJ^jlc. (jL±da3 ^n.^vn \ g at u«o 
g. \| ^ hiitl LxJJ^j - ^ Q \ !«*> ^ A q \ l-i I I l < A *, e^\ 4 n ' ^ ^ a 1 10 1 ^\ 

LqIj i jjh>k^ liUaj J A^d Iji£^_ 1 t (Filling ratio) 

.1.9 ^)Lai£jVl (J-olx-o ^pai^-Lo (jjLii dc. (^-1*3.20 ^}lajl cCLllUillj 

^ja l^J C > l]-i^ A_a^^ djl^jdl AdjJ^^I dlljDVlll L_jLoi^. (_$ 6A_L-a dllj A_ujl^p 
<_j-g ^^3 <La\j dllSllaj £j3ljj cA^^aW dll^>laljj]l 

^dll ^u/nl di^-ill dale . ^ja Ij^c. S«1 c.I ^ 11 ^jldll o^A d^)i^. dll ^ .A ^J-ViVI 
C \x u«o tAjUJl . Luj^dj Adjj ^ill l^jlsUd _)fuJ Ag_2k ^ tA^.jjL<Jl 

^^lixuLo]! dU. ja \\ cJL^-q A-gIj dliiLld dalj jLxjVI Ajj^Ij Adjj^S dal^j^L 

(jLida3 (_j-a Aj^jljd* Cl 1 g J^j-a n ^Ad^a *a ^jLlx-a jl^ AdjfLiluj daliilii^j ^ujc£d 

^ 25 s ^ j, 

c_Lil jj cJjUd ^ 50 dB ^Ij^. 0 ^ . u j ■LuiiLj (JjA-13 (_£ ~~ .IjjjIu aIxjola 

uia> lSj^ -3 THzj 30 GHz (jjj ^ jl jjj JL^-a I^xSjjs 

Cjlj) AjjjJji dlljjL U« u^i J ^ i jjj£j J3U^\ IgjLuiLia allLajoi Cjlj (J^’uuM 5jjlLall 

■ " 'id dillLoJ . " 4 : .J, - ^>4V 1 Clll_^.j-a (Jl Aic. 4-alj e^j^la^-a CllliLiaj 

40 dB < jUaj o_j^J .\)4iV' J^jlj “ 7 .S jjUI AjjLi.VI InPj GaAs — j «.LiJI 

. i-'laiU ^Laij CjI 3 4< (99.99% ujJ3 Loil^xjl Jjsljj) 



4jj jj I jii) l^jliUaj <jjj (jj) j t jbuVI a2&Ij u]a^ 4^ j£ <1 &jjji Jjxu ('') 3.20 JLu4I 

(Jjjbua ^aW^I J ‘26.6% jA 4jjUil ^jljjjaii! p jLajdl f JaJI .PWEM Aij jia JLajLiuilj 

(Elsevier B.V. t> o^9 23 I c>) .1.0/3. 6 Lf lc- Ljjjju jL^SJVI 
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Jdlix AjxSla i. ■ ^jj dxjj^ c<L^a dill Aj^jULq ^3 

4.20 (JSjoill ijjil ~'^-Sj. \.iVa-|ll ^JjjfLpI Ual^C. jiilill 4-ilii JLaxIljailj (poly-Si) dljjlJI 
(_3 j 3 i . poly— Si II iy* Jjjlj eUic. Ludlij CjIai ^^jII AjjI_)^.^U Ij-*.' ■ 1 UU-^ ^ 

a\1 (J^LIaII £(Ja -IxJ . (Jlx3 ^jjjl ^jjjA*n j AjjLaaa Lial jC.jjj] Adaxdjj (Si 

2 _lJj aIxuiI jj) ^kjoJI (Planarizing) j (Si02) ISiLi' h (poly-Si -lajla^ 

ji ■* 

oLdlj) dlad jxi poly— Si (_J-° Alila l_lljaijJ (_£ J2>. l^CMP jl ^jLiaiS 

* 

. (^JjVI ciiL ( - 5^ c ’ 4-J^JaC. A^^jaII Si iajlxiJ a\1 

^3 .<lila <a±La A&L 4_nj £.l_p l Og ) J^ajA *ri3 ^.iLxuijS £(Ja l o o^A jl 

Ajjliiljl <U1 jlj poly-Si 2 )a l)^^k A-oj^ a£jjoi ^Ac. (J (_£ 

6 (Jj-d A^LajoiJ dlljjL d« K*0 .HF A_Iajall jJ L_daj]l (jlkLiAlill JJC. l^iluAI ^IsLIa] 
o^.j (J^l 12 dB AjJLoi (14.5 pm J 10 £jjJal] (Jj3 - \} a Vi . ClAApL 

^jC. ^^^.^jaII (J jlall C > 1 »Sa (jA £ jjJail £jJajAJ jlgdaj <_£ J .A-ilk 

£Jjoi jj (_$ AjI. 1^. j!i£l (_pajC> .4_pjJj£ dJjL l-l^A ^^9 jC-Lai l * \ \C- (Jldjl Jjjjla 

30 * e ^.... . 

. (JIa ^Ixa 2>-° I 4_l2>ij A-P Jj j9 dll _j jL .111 jil o Aa ^llidlll Ad jla 

^Jjja JjUaj ^-9 (12 pm dc. A_ilk a-l^j 30 dB) 1^. lSj! . \i - qVi iS 

a,jv > i» a A_pjj^a dl^j^L 1 ^£a (jl ^3 j!1a]I *20 pm 8 d) -0 

A_pLia]^3jj^i]| ^L*-uiIj A \x^n Clllj A_alldQ dLlillaJ ^^3 VIa^JjoiI 


/poly-Si 



JJjlLa!! (ja uJa^ Aaj& ASajoA jj jjLlaII u^alll (Jaaj jj jalada 4.20 J^uJ) 

cjjLuiLj CjI j j12I 
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d;j j£a» fcAaj Jp Ja 2.3.20 

Other microfabrication methods 

j3jJ (J^LaII ^A^aII dluiSji yill <a±La <a±La ^ j n*oMI 4jjj^)la y £aj 

d l V‘l Ajt-ui^\ 4_iA1a ^3 AaIj o jjA^t a dlliiUaj dll 3 L_lA^JI Aa j£ ^LaiV A jl»3 

AtJli ^Vi'l vnj d A ajjaII aIAIa!! yj IaAiAaj Ijjj^ i-iA^li V] cs-Ija^JI 

&3a J^nA*i y jAj tdllj yj Aslda] .300-100 nm ^lyAll (j-ojJa c.li21 d il \\W ^ j^JI 

aJx^u AjLlJljh dll jjll ^LiAj-al ^^3 ^ IaC. jjC. dl3 jll A^I^A-aa]! Aij^all 

y duij ciiiiA ys tL_j\_iujVi yui y y cdjiifLa io (j-Q y^i 

a^jjoi yy jiliL ^ysl ; 1991 y .J^LLoll o3a cJ^J aJja diLiilijj ^yi <jc. di^ill 
£3jJ y \ g *)^Aj JJC. dlli2 (JA <C» J) U^lA^ OAA^. (FCC) 4^- ^ Ajj^JA ^ JIX^A 

j^i yc. j .ixb (jUaj Sj^3 aJ y] (Brillouin) y jjjj aaAIg y W <Aiill Aic. y^L^iVI 

y^n w^] yy? y yA^ii ^ja jL-a L 5 ^) a£j-uj i ciy^ ca^aai y^i 

yiy aaJp^j yoAiill a_AjaI ji ^LiL-all s y£j ^Jajaj ^yc. jaiai .ily y ("d-nsy .jLU" 
^jl^j ^li3 jjc. (CAIBE) Chemically-Assisted Ion Beam Etching yipy ^.Laa 
<xj^i yj i g ^ ac. j ks-\\ yjjiiy diijjL d \* \>.s-i Ail 32 .^jaii ajjaIaa a ^yc. 
JI^aII y (Forbidden gap) SjjA^a o^y JIaajVI filial y diA^y j jl y! 

yic. s JajAj ■iiA‘s,*i y a^,j Jai j .(1.5 |jm (Jl 1.1) ljjjsII diaj 

dll jlr\ ^.Liil uall c > y ylll ^(3lUadll ( a ^ c> ) AAuiEa^'l 

jjj \^_ji 4_iiiudii <xdiVi iyi > yy di^jai ^diU j^vi e > yj AiljJaVlj 

Poly (methyl dj^j^tliA (JAf- 0 y j^aJ^i ^ja ^Ldc. y ciuayyilj 4^u*» Ljajl 
dil^A cLl>Ij AiIija AjljaI <Ayd ^La* 11 (jiajjitj 4<llaJl o3a y ^ 4 . methacrylate) 

jij^i Aiijoj a_iL*_i (jjj-a^ii . L_iy!iii a \\\'\ a a£ j-d ^c> yi yii ^y^ 

yUai Ja^.y i 1.3 pm .lie. 4^ua\l djulj yijA jlic. J . 6.2 pm A£Iaja 1 ^^aj! J l ^LaC. 
(Reflectance/Transmission spectra) J^/ AlaI£*jVI ^iliAl y 2.4 pm Jija. A^a 

. ^.a AL i ^j^jj Aic. AaIaaII 

y diisjijiiij y y Aj i Adaji (jy tL_ijiyii <ja ^_yi ^-c. ja-^a y 

jy] liiA^y (_y.idii Laaic. .y > y^yi Ajaviii yiAxiiujii ^jdaii ^uLai^ ^.Lac. 
Saa y gjUll A a ill Jj>xd jSaj ( (Mutually coherent) J^liiA j^i ye. y"^x3 a'U 
.(Photoresist) Ljj J j-ia a ajLa qa ^ i-JjLoilj JLa-cJI 
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a^Lall e-LaiC- ^3 4jjl jd Ja j)la*N jj-o ^id-a j)^£jj c^i^Jalill -Ixj 

ojLaII (J-gIx-o nj 6 ^jjll (J^Iall X, c' — sin(-) -la j>3a^ 11 

L*-uj1 j V1-a*^-uj 1 4 jVqMl aAA dlLaxliujl . jjdoj^Jl ^Jalij 4 jj 1 j ^A 0 j tA-iJjjJall AxjLaaII 

(_paJ^jxliJ . ‘3U ajdax dle-jUaj A_i3l ^)C. ^l^A dl^do ( x-ii*-alil <C-1 u«all ^^3 

<iii-k-a 3jjj c ^ Ajaiij (Jdldll lag'll A ** \h\ Ajj jjJall AxjIaaII ’dLoll c-LoiC- 

(j-o 3^1 AxJalLoJ 1 .‘uq*' 1 ^H^l -laldl j£*J .(Posts) ^11 x-a 11 (j-a 3 jl2a/ 1 4_ijljj 

^3^ 3^3^ *^ c ' .AjuIjlIa dl^-o a^C- 4 m 11 jl jjdjjJ 

4 ^ uti <±ujj (l_j.5.20 3^-uill) 3xjV1 4_h-^ 4_d 3 jjj (1.5.20 J^ill) lg a la Vi 11 ^Ic. 
a>3l 37 ’ 36 .^3aj (j">A\A\\ A la * til AjjIaIjI Vll jl <jJa^)x-31 ^JaLLoll <11 jl ^xj dnS^j 3^3 
^paJ^xIill dl jlai jLdl (j^-^J t Ij u Vi <xj^uj 4 j!<qC- Lgjl ^A ViiJ^lall a^J 4-1 ujLujV 1 
Ida. 4 _a jjLo ViL^l^l (jl (_£ 6 3 IVi^ll 1 3k j-o . J ^>/]i ^3 (j^n^'nll ^ 
^lill 3 ^a! 1 (jj^ *-_! t -A_jl_allll o^a ^1*Ha31 AajJl^] a \u 31 .A-iaAlijVl ^Ixll 

jLWl djLolx-o L_lllj31 13 j t^jjJaH dluA dl^xul^J a^)joiLlA 1 g j£-aj 

dl^)34 ^1-^1 (J^l (j-° ^JjdaC-V djL-a^-o t fll Lg-d^j ^£^)j^)jJa]l (j -0 ta^)j» x^i 


.<-Vj a^)j>la*N,a dlSliaj dl j Ajlij£ij$ 



4JJ j3 (O^ fru' JLafcLal l3 


S_3 V V V 


Ajj^« sj>-a (i_i) .(Nature Publishing Group. <> 6^W 36 t>) .4iu,Ula 

» j°~>- 4 »jaL jjfr aj^Lla SjG ^ )A]ja jUjVI Ajj^Lj AjjjJ A£auI 

. (AjjIjjAH Aj£j >«S f) Aj« aaJI j- 0 ^jjL 37 Lj yta 
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J Jl 1 iV^'dl ^jll aJjJI £_d-d]l dlilajj ^^dll 3A 3VI JJC- Ldjl cilliA 
AdjJi. J xjlXxm dl j ^dll l)- 0 IdJa. 1 ^ 3 ^ aj^^Lo^jj 03 ^ ^ 3^1 ^LiaS .Ad jj J CIjI j^L 
(Jaj .d2L2l j ^Lill (jdUdll 3^ IaIj i jjh^A liUaj (_£dj (jl £iijd C-ld did] 1 g‘iV.^1 


(jdLL jll (_£ jl jll L_±ijajj!ill Ad£j (JIa*I1ujIj (Chiral) A-JI 3d A,^d IdA ^tilxd 
c L pajjxJI 3A Aljj^k Ax. j a >a J .( Glancing angle deposition (GLAD) technique) 
jIajVI Ajj^Ij dl^u*i d j!il A_idj dale. ja^a aJc. Ja (j^jjjill 31J ^jLd 33^. 

Vj 4 ^>^11 Jlx_]l ^LajVI J A£.^joi 11 Aij^)iall a JA 3I £a J 4 ^. A_iialjJC.| dli 

dli ^gd]| d 0 33V.I ^I_^jl jl) dl_^.^All aJV* 2 A-jld ^g2 add Alj^Ia 3^3} LJ 

4 ^ . jIajV I Aj!£}\j Ad jj J Aj_j 3 L A£jd (Jdl J ( l_j jjx]| 


J]|i]| ^jaViII AJxuuI jj 4 j jj j2 dl jjL 4.20 

Photonic crystals by self-assembly 

3 -ij a nil 3-° Ajd]£ 2 l Liil^c. jlilll JjAaj Jid <jll Jl £3^!! dlj.wMI 3] 

aJj^j dljjlLo J 3ld]| 3 ^-aa]! 3* c al* > jI*jVI j!)Li]l JojaIIII Jl jI*jVI JIj 2 I 

Add]l L_dl_^. ^Jj . A-LJjjJ dl j^L 1 g iV.o.1 ^Jax'u^i \\ (_£. 1 a]| AL^Ia A33A dlA u‘m ^-Lilax-aV 

IL3L Jl^ll ^JaVIII cJIaj ; 3.20 ^dll J IdiaS 3J Jilll 3^ jJ J]| Ad£jj A-iSl^O 3] 33JI 

^gd dl j jIxjVI A_i£>Ij AjjjJ dlA u'Ii jJ j 2 WVsa liLddl Ail /d'dl 33^. 3VT 
c^ldll dldl ^A (Jx^iqll 3^dl) ^ j a VI 11 A-l^.1"^a 1I dlj j^aII .dj^jdll 

Idlilj ^hVn ^g-A j — dLuiLii aJc. dli ^iAjdlll ALLai ^Lai^.1 jl dldj}^. l^jj t^l — 

’die, AwTi 42 .Ajyil£j V d^lc-ld 3JC. (^^aII AL^ia Ajj^a tlJldj Lixid oj^uixa A_d 

a Vi 11 AjIac- d^* j ^ 5-^1 dLo ^IxaII 3V <ildll did! dl^jjAA aJojojI Adl^_i]| A_d]| 

< LalJaj ^1 4 A_i^,^]^j^Ia 4 Lalia^ (_j^d ^ld]l did] ^3 3x03!]! A^jLuj ^L-al ^A ^jl^]| 

Aj Aid J^ a 3JJ 33IJJ AJU. ^g 3 121 c. ^gA Adl^_ 2 l A_d]| Cdl^ La] j . ^r.Lax 21 jl (J£d]l ^g 3 

Jl t^sJ 3A tc-jjjx]! ^033 3d (Jaa a3j3;iud]l (jl£ 4 ^cii]j 3A AJU33 jl^ 

A_i^.lj ^a j . Jl 2 l ^.jaViII A a)Vi 1 3d J <idd (Jaj Laa 3d! IdjJ AJJ3A ^^d 
l_^di3A Adili]l a^A 3A Jj! 2 ! ^jaViII A 1 j>^iL 1 a ]1 Aj^jIjja]! Ajt_nla]l Vi 4 A_iaaI 3^! 
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ilA'd 4_i]l_xJI 4_ix.llijVlj 4_AaidiA]l A qKMI (Jj-gLi 


^jUail) £_uj) ^11 ^LuJU l^Cdj 
. ZjJJ-UjLujI 


CliLol^jy I a jfc J ^ . $. l_lxV I ^dlc* ^2 L-a jj^ad ^^g-lAj ^gI ^j| All J^qViII 

l'Xl* c^j-GjJajj ^lill Ajjj^JI L_il >C»V1 (j-o S^dLi* ^ jda _>-^l lAfc (jc. diLoil ^jaII 

A_ij^\ill ^^dllj tDNA liAll 4_ijj^)iaJI ^^dll 4<dLall <dl£JI AjAmlll L^LkJI Aj^iC.! 
^jlilj ^ajg qx> ^iujjj tdild ^ j^c- o^c. d-G j . Cljllij j^il Aj^LjIIjI 

dll-Gjal dll j L_lijjj]l 4_ill_C. J^5 -^-^> ^ V 4 .gIVi! 6«lC- J^dol 

^j^jJajj j (Mesoscopic) 4-uj^oi jjaaII Jl 4_iiij>^JI ^ l^LaAdi 


(lj ! C5^ AdjJjill dlljjUl ^Lllaj-al lgJl-G*dujl dldl ^lill ^jl ^11 ^jl^)ia 

jjlij (uj) 45 1 (Block-co-polymer) a£jL1g aJj£ djl^ul^j <1 Lx ^ jjUI ci-^a 

(c)j 4< 3 $ (_}jjl_iii]! ^2 dddill 4_dLxl ^(J£dll JJC. j Ajj^)£^ 4jj_jC. dll AUtiy 

c. d_ild±dll JjILq (Template-directed) 4 _x^g £-111x^1 

^JC- d I.WVl d±IX -1^3 liA ^.Ajj^xJI djl-AXoLaJl 

.Aj^j1_Lo]| aAfc dUliJj ^ajg q^ll (jLidl 4 _I!LgI 1 4 t U<A» 11 dl^l-fjVlj dlVl-fjVI 


AjjjS cjLjjc. tjA AjjjL cjLlui :^VLjS?l 1 . 4.20 


Opals: crystalline lattices of spherical colloids 


(__5-9 (J3VI J ^jxxg AtJ dll j a^)j» xs~i dll a^lc. dil_ij^)x]l ^jjjdi 

(_j-g Ald*JI d-Lol J o ^yxluLA J cJda^J . .1x1 j <j j^)£-g dll ^jxg ^jU 4_x_daJ ^j-G (JLx-gII 

dddJl Aj^LxI dllliC. 1 d ll_lj^)iJ! (jjQ ^1 l3->fc*ol (ji\£uG>y[j (jVI ^.U^-il tdll^lmill 

1 g ^ic. ldl_i-Gj£. ddJl dlldxdll J c 1 g K d J dldj^i^kll l^_i2 jdi 

4jj^)£JI dll.ajAj.i'vll 4 .‘Ijx i ALg dlAdc.1 4^j-ald 4 ^ ^.1-2% (j-oda 4 ^LjiLg 

6 ^C- 4 dlid J S ^C- ^ Aa j . diidJI 4 j^1_xV I dllj j^xll ^ya Lda 1 

j! ^-g j AjjjJaC- dil^j-Gjl^j (J-gjoli <alid-G ^l^-o (j-o Ajjj^ dilijjc. All j!i] AdLi-GJ^ dildl^x.1 
4 jj^)£JI dllijjxJI ^-g 4A2I^1a1I 4_ij3Lx ^jj^VI dlLojaill (_^Axj .AjjdaC. V 4 j^j.qI^.Iuj 



3° Jaia A^jlj c* uj.nl a qj3a j a c!jI£jjoi I^£a 3^3 ^q-uj ((Opals) 

^AaII l_jjj^jj]I 3° Ljajl cAjj^)^ 3I ClAjj3 L ^ Ajj)^<q11 SjLgII 

Aaj^}ia]| Ja-gj daV^jl C5^ dAjj^-l 3^^ ^ jx>V‘ill 3 jJln tAiji^JI ^k . Clal^ ui’ill 

^.Ad jj jAll CjIjjUI ^j'uAil A-g£.!>Lg 

AjjL^VI Ajj^j^II djl-jj^xll ^jl^)la]l 3° d.b*JI 3 a d c ' l$ 

Cjljl CjVIjjI illjj ,_ji j^ila ijj^aLi. Ai._jJ t Ifria ' .Ailljjl f <K i .t. t " n AMI 

jjjIjj (Sedimentation) <-. iumjjII J1*j t^liLaa .ejjjxjll S-ii^. ^^jjj Inmi ojjjS ^La.^.1 
57 .500 nm <jc. Jjjj jUaaLj Ajj^jS CjIjjjE. ojJJ A^iSLaj A IjjLuU Aaj^)Ja AajjLaJI 
Aj^Joll Ajilxil Ajjj£]I dlljj^iJI jjj (_j£Lm]l j3ljj]| (Jlildij ClAiilojl 

ClllSLdjoiJ A^,JI 4_i J}£j-o AjjtiLa jl AjjS^a 4 CjIjJj dAjj^jiJI a JA a-Jalll IxjojIj 
(Jj-g) Aj jL^JI Aj^xjudll <_£ jsl\ CIiLgxIIujI t (_£ ^)dl A^_^. 3° • dlliila3l 3° ClAU cJj-aj 

Clll£L<uaj dll j dl^l-Jjl .111 Jl \ Aa±la Aifia Ajdnll l_1jL3 ^k c(l_1i.1a3I J^jl 3° A^jllll tillj 
AjljLg A_ild (JLg*JjoiI i^£' l-*^l-2j VI-a*^-ujI 1 g l/aa'di'i 3^1 Ajjl^^yi (J-G^iujj ^.l.lia. AJa jit/a-a 


t <^Lj3^ ^-^inII 0-gJ 


3^ (6.20 (Microfluidic) Ajjj%q 


^Jj (Jj-aJ CIA^Lgjolj jIxj^I A_ ii^Ui AjILjI a£j-uj Ajj^)£ dilj j^c* (_j-aall 

60 ^ -L -4q<U\i QA lIjIIg o^c. 

(J^dll ^)^ a ] A-ixjLqj^^j^IV i A j\^ll C* \x u^i cAj^j^-Gj Ajjl^abj ^3 

(^jlaLj ^j^>Llg pLoiC. (j-G ^Ja!ia-G jl llJ j->-2a 6 ^-gLllg SjLgI (3^^) ^LoiC. Ja-GJ-G^ 
J (Gasket) Aj^wll 0 ^ A^l ^ n^i aJ j^-uU . Qm->lak j 

jlil JLgjLIujIj c!>lii-G :Ajjj1iJ 1 A^l^c-jililll (j- 0 

A_iiai (_£^)Ja 3 jj Ajtiaaj ^.LoiC. ^ 3a j! 4 (j;ij j)3a*s Cljl j AjjjjJa 

^3 c.^ )-nj (j-° S* ^LoiC- ^^3axAi ^.^UaJ jl 

aAl\\ ^ (Aqueous dispersion) <^1*31 clinJall i JL^ 65 .AjLkll 

^ dl j^LgII (3 mm 0 ^)iaaJ ^iju-all ^ viMlj AJajail 

^ AdaVI 3^ 3° lAjUaal dj\jj^)iJI 3^3 U^ -4 ^ • \,\\x\\ a^L^.^ ^ 3 ^^ 

. jIxjV 1 Ajj^Ij aJLjI a£j-uj ^3 L^j^)34 J A-ixjLqj^j < sj < q1V I Aj1~n.11 3^1 A j/unII ^ j A^i 
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CjLjjC' qa 4_2Lj1 ljLLujj ^ 4_juLjjjLi 4 4 jl%l ^AJ^ua jj 6.20 j£-utll 

. (lliluj CjLj£ ji jj dil lu^j diLuall AjJIaI AjjjS 

CjMxxi) CliLooll Ajjj^II ClAjj^iJl \x *r\ t 4 jj 1 1 a^A (JLa*I1ujIj 

a^C- <j^a C1 jL^.Luia 4_J\jjl CllSna LiiiJjj Ixj^Vi (\SjL* CA j 3_i^<ul (_^ i£jV 
.(_£Aa] 1 L_lil^)Jj C-laJjJall a Ala. A£Lqj-uj Vi^a 4_mj d j <xj^g djl^^jVu*) 

dll£jjd]l (jl iS^" i£ 4jall^pJ ^-ulLaSl Aj^_^-Q 4jull^p (j-G (J£ CllE 

^Jajujl £-a c<j^al^Lo AaxS^a 4_iaj CIj^jI a^A (JLgx!1ujIj Ax u^a^all 4 _i11j jA\ 

a^)jj-a 1.7.20 (JS dll ^jjUJ . (Jj *i*a C. 1^11 ^jjj^j£^) 11 ^Jajui iV 4_g_^,^<a (111) 

220 lA^>iaa ^jiLaul i“ A. n dij^L AJLjl a m \ (SEM) ^ j ^uiA 

Ja-d ^<a <jl ^Ic- Ldajl AjWjjA\ 4 S Hall a-l^J 4_ida^)xJl ^JaULall Cll^£l .nill 

L-uLa. I'rml .a^jj£_^ll ^-Lajai ^ic. £_£J^axJ 1 aLaliVl (J ls^" 4 ABC” 

( 100 ) AjjjE CIiIjjJjui-q dj|j tAJljjl C’ iKlxt) ^/nAl (^^pkl dllc. 

t^yil j)\ dllj (3^J 4-2 J^l O^ 0 O ^ Aj> 2 Aj^jl^a 4_g_^.^G 

4_liL_*a ^9 ^jj^j uaijI dj\, <2^kj £_ix^a (JllLa l.^Sg 1 SEM a^)jj-a c_J.7.20 (JS dll ^jjjj 
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4^J\ ^ ^-LiLq V ^-1 jLaL aJLaIa (Pyramidal pits) j>* j-xj^l AjjLjj 

A-ia^JI A_iijLaJI jlxjjU 3^ u>i\i Aj^LLaII &1a ^La-i (jl£ -(100) Si 

.Ajj^^II ClaLj^iJI ^>ia3 ^Ua!li \g \ \\ dil^C-liillj Axj^aII 



Ci j3h JbuVl cr^ JLjl < jjjaJj-aj ^jJULa] j-uia Ajj$ y jjj-«a 7.20 J^uJj 

j^jlj-a (100) J (HI) U^J^ 1 ^Luxa. L>* WjjjL 

WILEY-VCH Verlag c>> j3U 63 £>*) ^Ij^l jd ja£ 

.(AjSujJ ^ I AojI uj^l SjxaaJI jiL 466 £^>*11 j-a j t GmbH & Co. 


j)A . A ^Sa AjoJ^p ^Lj^.i^AJ Ij^laj) CllVLjjjU ApJ^ djLsUV^l ^±1 dluj^p dil 
^ s-LlaC-V LaJ^La ^»il] ^-^.^aII ^-aLaII ^dllilill C_JJ^)iLi]| jjl La^jaC. 

(JLaxIujI 4 T^J 4<]LaJI O^A . jxjVI ^-ly^U Aj_J^L A^Jjal] A Ag a\\ ClA_AJUi]| j)A Aj^xl] 


^-a dUi j 6 (Plane Wave Expansion Method-PWEM) AjjIolaII a^. ^aII Alijla 

C.l^^.1 ^.lc. LgJjc. k J-^ *^LxjVI Ajj^ill 4 a)ViV 1 Iglil^Lx-a 

Ajjau^ a djliUaiil A_nj 1.8*20 cJSdi'i (J^li . (^jajI xA^aVI A >jVi) A jljV'i 


^A j 4Ajj^)£ djLjj*] A_a. ^11 a j^^iiA Ajx£a aSu’Ii A_ILa. ^9 (PWEM Aaj^a (JLaxLaIj) 

dll ^^3 Ado j)A Ja^3 dlliA . LaIj (jUaj o4\“iaj V iaJjaull ^Uajll I^A j)l jjJJJ 


La cAJLaJI o^A ^^.^giLiJI ^sja^I LS^ UJ^g ** 1 . 1 k-iS] J^-oJ c(Ax-£ 3 CllLaUaj jl) jjUaj 
AlidjAA ^lill 4 U A La^'i jl W A_LaSj .lie. (JjLdVI ^A AaIj (jLLaj 0 ^^9 *L>^ J 


(J-«L*_a (j^k^ (JjVu*)a11 qjqI Ail . A,Su*I)\l JaLll] ^)3aln\\j 

^aJ3 ^\ ^Jj ^ ^)1 a] 1 L_Ujdaj!i]!) 74% ^)A ^C-k 4 _j\ xxiS‘^1 

AaIj a djliUaj cJ^LajII ^xj V 4 IaII I^A (_ja 

^U21 c." il nl Jajaijl (JIaj Ajjj^II (jl j 4Ap jj jill djliUalll ^ 

.jIxjVI k^kjl djlS u'ii ^ jl 4dii2oll Aj^U. 1 djlliC- ^-llk^jU 
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(j-a 4^- jU/iXl 4 l^^I A£jjo 1 <11^. (jUaj (JjAjS 4_1 Jg xxl J) (j£-aJ 

. I^IIijojI^xjI jl l^Jlidl c. <aj J-a (_j^a Is^Uajl Ajj^)£ dAjj_jC- 



dLjjC- ,j^ 4J jda jbuVI AjjMj AdLjl A.^uxil Ajj^a-a Aojjj^ill LjliUalll AoL (I ) 8.20 JdutSI 

. ciolllll j ^liui ^jj^Ualll (jjj A-a Jjlkj Jai2 ^Usuli lAA <_$ Ajj .3.0 IAjL-u&jI J^laua 4 jjj£ 
JlfcWI ILt (*) .( WILEY- VCH Venlog GmbH & Co. c> u^W 70 ^>^1 

4-aC-lIl! dibu-ull l-lluj . jj diLma^ ^a ^gju/aa A-ilLjl Adui ^a ^I^uxaII 4-ud£*JVI J 
.AjjxII ^yilaJI j ^j-aLaVI ^joaiaxdl qa UaI j Ajj-all f j^all J^ld jA ^joLlall ^Jc> 


<_j-a 4 x * a~\a aIxjVI 4jj31j o j^L ^j-a I Adi ^jjAiLa C_J.8.20 iJ^dll (jJJJ 

4ajjA£*jYIj JISIjYI (_5^A a C5^ 4 h«\3LaII <_£jA1I lAja. lajUaJ J^jUaJJ . ^^ilunl dal 

oA^J ^AJjJxll (jAatidjl^ 4_illxll A_iC.^ill ^^ic. (Jaj l-a-o ^oAiaill ^9 jl £3 ^-all ^^9 s-l ^uj 

(J-alx-a iax^^Laj A^ldll duljj a ^Ax-all ^Uaj jl^ o^^aII ^9^-a AjLaia. ^j^-aJ .4 na.ll 

jUjVi A^ll JLjVl ullii j £-a j Bragg ^l^>ll Aj^aJI 4 JaIx_a (JLaxIdulj j\ xti^iVI 

(J^_xjjj \ lajxxij ^aUaj ^-Aj-aj ^aAijj 1 g l^lj tA-alli JjUaj dal^a-9 c41d V Ajj^j^l! dl\jj^)*JI ^ja 

dal£jdll ^4^jl }\ A-fjjj^ill dilsUaill diUaJad-al ^>Auj s-l^aJ ^JJJ c^jJjJaalill 

.aLuVi ^31511 


764 



Aluala Ajj! jA ljLjj£ qj * AjjjL ljI&aAi : A_luAxJI (JjVLjjVI 2 . 4.20 

Inverse opals: crystalline lattices of interconnected air balls 


<_JA A_illjjl A^Jja) Aj j£a AjaLaajI jI^a]| jl 4 J CjUjJI Cll^.^)j2l 

(J-gLxa Cjli 1 g m LxuS 4 L«o3a Aijq*.oA ^2 Ajuj jaxa^ 1 g nj Laj 2 A_L-a!iA A_ijl^A ClAj^£ 
■l ^ ^ . 4_ij dAiilJvill aaIj ^2 AaIj 6 ^^-3 ^)Lai£j| 

(_ja (JL^aII (jAt.s-1 Adlx-all A3 j^^aW ^-a^L^JI J-a u^i ^ c^jjJjAll (J ^*_La]l aIiaI 

A-IaLaa $.Lij ^j^aaII <ja t3.20 ^jJa^A jA La£ .30% J] 20% 

(JIaj (jl£ ^‘^“1 jjl £-a cAjAiliill Ajj^5Lia]| Liil^C. jlilll dA_ij£j ^c. Alila Aa±la 

1^2 jh jl ^j^)a]I f. ^j-a AajaII ^ ^)^JI ^yul_l3]l L_]| ^jli2l £_a \j3^j 

A_1aLaa 1I ^.nll (_|La L)$J^ 1^. A^JLxaII dj\j j* ksi CllXjJaj 

dll J Yq'l ^^2 Lg_J ^ajaa]I tiiL (jC- A q\'‘lA a jl yA (ja jl t ClililLa 1 0 ^ic. CIiI^LajoiJ 

Ajj^)£ ClAjj_j*J aJIjj! dilajix-a ^ic. AJ jiSI ^)2 jJ ((JjULoIIjj . Aj.^jKMI j j^jaII ^ju^aMl 
C1 iLujLi3 dllj Aa-uij AdL-sall jI^aII ^ja~s <_ja A_iaLuia]I (Jxa £_iii-aLi] S^C-lj UL^)Ja 

72 .30 nm ^gJJ VjJp aJo ju>> a 


3xj .o3A Ajljill Aij^la ^2 (JLajLLujVI AjljLoj Ajjl^aJ 1 i1t\a 9.20 

dllc.1 jill ^ja 1 A~s^k 26% tilliA tAjj^)£ ^>a Aj-al^La Aj*£a a£j-uj 

L$ ojLa ^Lil£ jl Ijjja.) Lg_i2 (Jxliuj ^j! ^_j^a j a£jjoi!I 

C1j1jj^)x]1 ^ ^>*0 A2 jq.^iA (Ajjjc. ClilaLtA A ng \ ctii]3£ cj! ;(JjLuj jl ^^Ic. 

ajj!>Ij a_iaLuia ojIa ((jajK*i jl A^jliiijl Ajl^j _>^) t— JI aSI AjjliiijVI aJI^VI .AjjjSB 

\_aj 2 A_L-aJAj A aJoV^a AjjI^A C1jIj^)£ ^ja Ajam.V^ A_iij ^ic- AjjWa 

La Ulc. t(Jljjl A_ml Aaaja A_iij A_1 aLuia]| 3l .^J„^ 

tL_2lllLj a^. jaSI ^LlLj^aVI ^ .(Inverse opal) cJ^j^ jL^b 

jl ^a ^ o3j3c. UJ^ ( Scaffold) aJL9joi£ AJaLoUJ (JLjVI A^ua JajLIujJ 

c_Li]jj ^jI^a^Lj AjV A^jjj^ djl^)^L Ac.\ u^i\ ;^j-aLk A_^. iAjl^. A3j^)la]l oAA 
tL-boiLlA LS^* 6 , ^^ C ' L5^] ^>La^jLi]l CIjI^JjaC. t> Nautili (jjJI jIjJI 

o3A ^2 Ij Ui. 1'1 A_xij^)A ^)La£jI Cj^)LaL*_a Cljlj Ax-jjIa JiI^a ^jJAjJaj Ajjg ^j£ajj 

. AjLi\^.y\ 
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aJI jt 


% 




jbuSfl Ajj^j AjoiSfr CjVLiji 4 jj AjUjjAjJI AjjI jaiU (jiLA^a ijj kkA a 9.20 

.AjjjC AjjUIjI Ait JL Ac jjla i.Ajjj£ CjLjjxJ AuiLjt CilSjJa i# jS A^ijiiL 

(WILEY-VCH Yerlag GmbH & Co. <> 0% 46 ja.j-11 

SjLaIIj (JLjjVI \ 2 dilc.1 jilt ^ - " 't jjt^a.Vl jjc (jLijj 

•• e ^ •* .. 74 — 80 •* 

<*-101^1-4 Igj*'* 1 dal^ul^ll (Jj3 La .4j_£C.^a]1 

C LLuU djlajjJajll a jlA 1 4_l|^ -il^A ^_A \ ^ -^.1 i ^-i ^ 1 ^ | 4 ^ i nQ ^ ^ \ \ 

(J^3 La (j-o Jallj J^iilali .lie. ^.^1% <_ja (Jal ^ a~n^ 11 1 g x*oWa 

4_il\jjVl 4,^ u’ill ^a djlc.l^)il! ^ILgIiuj c4_illjjl 4^ Uxi (J^la ^Ac. i^A ^jjaj\^]| 

(_j£-GJ tAAjLuAI 4_ijjJaxJI djl^A^]^]! (J^a La £A ALUJL ^.^(_£^)Xjal LA-I^^Il^ L^Llli 

(J C_fljjujj c4_i1axJI o-l^J 1 ks-x\\ Aa 4*J ^jl [_$^\-} (sol-gel) ^A>La — J jix-G (J^I^-aI 
c_a^LlkVl ^_fljl£jj ^jLgII (JlVtll .lie. 4 _jjC.^a 1I dilj jLolL 4 j^ja1^jjo] SjLg Jc. 

. L_lix-a]l ^Jj 1.1^. JIag ojLc. ^jA lAA a (j! ^A (_jjjLujV1 

4_ia£ jli c^^Lill (J jW a\Lj JaHIL o^^Iaa ciAjj^xAI ja^ dAcA^iil ^jl £-g 

J^dJ 4_i3l£ ia^a (j! (_j^-gj "^La — (J^Lga" ©^)j^)Jjaj ^3 4 VVia\1 c*1jaI ^jjaill 

<_JA QjfLi di t 1 a\ 1 IjlA ^}A .L_UAa]I ^id-Li .IxJ 4 jj^)^]1 C1jIjj^)x]I jla*a 4ija^) 
4 £jja 11 ^ Clllc.l^)i]l ^(Ja cl^ 0 L)- 0 6 J^xja daUb^a] 

JUjV! ^jc. LjajC. 4 J^JaI ^)Jjaj ^gic. 1 .YJj .J-IS1L jUuVI a^I ajjjUI 

dalc.l^)ill ^(Ja 4 4_ujjl - n^aII JjUJl ^Jj 4^ldaVlj ^tliiAll ^ 

daljj^)x]l ^)a j^Sj ^)i_i-al ^l-^k^lj Cial Ajxxrs ^ja Cialq\» aj q^joiIaa 4_illjjVi 4,^ u*ill (Jdlj 
^a 4 ft. ^ w ^\ 4_x^al ^ja 4 i\ i s~\ 4_a^3A^rfG ^ ^ t ^i*i'^\\ l JajA^ll >ii Ju 87 " 89 .Ajjj£]| 

^1 (Fe 2 03j Ti0 2 , Si0 2 , CdSe, Ag, Au J la) jIj 4I ^x<ta. tLuLoii .Sj^jUil Cj IaluisJ I 

Jj^ ^i^ll 4jaJL*_A]l oAA ^ 1 g iutAi Cia\,Ajxxr^ 1 g'aqx^ij 1 ^"vnIIx-a ^j^-gj 
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AjJjIj A-Lui is- (jjJAJjAJ Jjilla] (jjjjjlll JUu Ajj$ a a jyA 10-20 (JLuAI 

jAiiijj JjaJiil Aja ■ AxoiVIj ^LuiSU Jjli JjLui j)<^i& jajLjj Jjli La 

■jjj/' ‘ "j'j. 1 " uLun Lulfiljl iliLjl L).. , J.r >; ".. ^ Jj-a ulilAxu , r X OiLjjSljxa tliLjjS'ifl 

5 jj£ j 2 | (jjUja 11 ( 100 )j ( 111 ) Ajajj A 

. (AjJLijAn 4 _uLloA]1 Aj dutaJI ^a jjlj 66 £>*) 4_a£-l-l]| 


ClLyL-tfa^a]! I j\ - j ^jLx-a <■ . 'J- ‘~ A jjl a - j£ Jjjl j Li \1 1 Pa-jl ClliLk&lxal 

(JLajLiioil oj^Lapj j^ajD t^>ll-aa -A-illjjl A S a dllc-l^ja 

t I ^lla j . ^ l_jA j AjJa^ll j *s ill j (JfLn^ ^ya Aj^^j^Ia ^»Laa d! 3 j! 

jjjI^^ia -3 j& J-dd l^iUI ClAj^£ ^ cA_i ^ ^aj ^ 

^3j\x"i tillj ^xj i3 .A_JLi jl Claims u*i cJ^ t(3-MPTMS) 

Ajj^)x 1! l£AaJI a^A ^-LxujIj ^dl^jd^jlj AxdaJ L&^LLaSl^ l_iaHI (_ja Aj^jlj CIjLaIaa^ 

2 * * 

L_lluJ^JJ ^3 L_lllill ^JjilaC. d^dl J . (J (^ j' J*j d^ltlij AJajall^J 

<_£ (_ja£j • ^1*jV I Ajj^iill A_JIj jV I A^u‘Ii'1 aAA dale. 1^)3 (J.Axa 

L-iiuj^jall Aj^jLixa dllx-sa j J oAa^JI Aj^jULdl a^A ( xa A^sI^Ia]! dl^iA^I 

(Braun) Cjj^^ c^kl ^Ldj] c^J j ^jL^£^U1 

a ^4^ ^Lia^jj^ CdSej CdS o-q a u^c . d^4j^ (Wiltzius) ^jjjjLjj 

89 ' 90 .aJUjVI a£^I olil ja ijJI 

djIaj dlc-l jaJI ^-cJa jIIa] A‘‘nW dLujl^jJ 

Ajja^C. CdSe ^VljJ^ ^l^laj-al a\l iS'^i (j-° A \\ Vix> A_Ax-a 
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(Chemical Vapor Deposition - jla-Jl 3 o -a .! < '" is \c. jjjIjL J <i>"u.i Li 

c_iL-ajl ,_j-a jal j £• _jjj (jx Ajiiiic. i—lUil dlLulj-ill ailA dlaJia 91 .CVD) 

t<xjtLa 4-iail^p s .Lmaij a jj ^ dllj 4 j ^ jl ^ j j ■ ^'ir- ClDLk^aj-o 

3AaIj ^Uaj oj-\ql A a>.s-x\ lg_i3 3 aA"\ 4-jjj^.iLi.i Ajja^C. dVl-fjl C a* *alaj>«ol 
Ajj^)5Lia ^3 A_iiai^x]l dVhjVl aA^A ^sLdj AjaVi (J^a'qVa (_j£aa]1 ^ja AjI dljjj Idjl 
jj£ 1 dlJjA d^Jal .A-AjL^jS Ajtjal ^Ac-lij ^ijjl ^ja. iajj aJojaI^j cAj^. 

3 j^)C. (J (Jj-sa ^ a] 1 c ^■ro'i L_Ujuj^JJ ^^Ac. ^jj3J^lVl ^jolaII Aj^)g y aAsjaI^J AjIa^. 

Ajjj^}la &AA cLa ^aC. 94 .JaI£ 1L dlcA jAll A_iiLall jh A_iiLall C_J ^LaIj <_£ 

s= t 

dlu jjj££U ULaLa d^^la ^lill 33^AA1 £_£Al^J (_ja AjA*A 1 £a (JIa*Huj!>IJ Aa2)Ia 

^g-ic« A » j!1 a11 SaLa]1 (jl Ajjj^lall oA^j aJ^jj^aII o^)nS\l (J^LaaII (^A^J ^ . Ajj^j^jaH 

dl jla*v\l ^^3 £_£Al21 dlli_j^. ^LaI J^aW Ad <jl (j£aj A_i]\jjl A m \ ^-^.^Idll ^Ja-uill 

A n» 11 (jj£j LaA^C. tljAajjAxkj^ ^ujldlA jit- ^J1 Ajl_g_ill ^3 (_£AjJj AjL^A>U1 

SaIa ^ja j) u^ia ^ x+iSc A-ijjj^All dlsUaill A_iij 1.1 1.20 (J^jAAI jjJAJ 

70 

jjJJ A_aIj (jlAaj c^^-3 A^^.j ^Ac. AaAa^ a\1 lAA (Jaj .3.0 ^1^^. ^jLuj^jI dl A 

di^.^)j3l .(j!jJ^)J AaIoIa (JaI£ (3.3^ A"iaj ^AJaladall AaIiIa]!^ ( x_ujlll]lj ^j-oliill 3\ la all 

laUd oAic. l$ c^aJI ^)Lai£jVl (JaLxa ^^AaVI a^JI ^jl AajjjoiL^, al^L^-A 

(3 La*JjoiIj c_ilIa!lA]l lAA (^ ik^_a ^jI^aVIa * 2.8 ^ (Jl^^l LqIj l^j))o^\ a 

^1 Gc _j\ Si ^ II-VI _j\ IV 3^3^^ (3° d^L-a^All ( flL^ajl JIa A_a^3a*Jl Al 3^! 3 -0 

C5 iJa ^*11 -20 J^2J1 .(a-Fe203) aja^JI a^I^Ij t(Ti02) cin J ^CdSe 

i A, n» 11 oAA ^3 9 ^. djldi-All ^ja jiuxo ^ ^iSc. C3° ^^.IaII A_ 1 ao 1 ^xjV 1 j (JIaajVI 

^Ic- ^jl3 JLjV ( 331 3<21 c^Ha ^ja ( Xjoi jl ^LLilll ^jJa^)C. ^jl Aj«a (^l^d JaAS A^. jJ 

dlol^)ill ^ cJa (jl A qj'q^k Jj iAIIa l_ux21 Aj*j . (^ 33 /^ 3 ! d\, jl dlj_j£ 

A_iSl£ 33^ ^ ^ L)^ - ^ AdiLill Al 3 <A 1 A^Ij£ ^jl 3 t IaIj 3 ^ ^ai Aj J 3^1 dlj J3*A1 3 ^ 

^pj^3 ^jA3 c ^IA aS . 1 c_ilx^a]l j)\ ^iS'il (JaLxa ^ja c_jj^) 3 ^)Lai£jl (JaLxa < 23 J> -^ 1 " >fc ^ 

(+* dj 3A]! (Anastase) 3lAd!>Ll a_iaLoia ]1 A_mll _jLa£il (JaIxa oj!)Ia^j Vos 
9 ^.^~2.6j 03^121 Aj^.^ 11 ^jllldVl 3Ux)S , al (JaLxa ^ja _j \\*\) (J 3 I A_aj3 j cl. 29 — 1.18 
aAU. ^3 JaAS ^alj a ^Ajj^S jilaal A_ijl^_Al A ax^i Al A A^!>La ^jl£AVlA ^ 3AJJ 
Si L^°) *^3^^ 3I j>tiS*al d^yLalxA dlA A,\j>^i^a c_sL_dl ^_ja c .“ \x A 11 dV^3^ 

•CVD Ad^)Ja (JIa*HujIj (Ge jl 
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jluAjl Jabta jjjLij .lit -Uj< .it a\) u j, nSfr J LjV CjliUaiJI AjI (!) 11.20 jLu^l 

jj£j LaJjc- jVuiUilj /jjlUal!! jjjj 4_al!i ^jUaj S ja3 ia jj 4j| iaaV . 1.0\3.0 ajJS 

WILEY-VCH (>j ojIj 70 £a>»il <>») -2.8 <ja jluiSj'ifl Jabm ^ 

( j r L-a JLjjV (jilauial! Aauils*JVlj JUlVt lala (i_j) .(Yerlag GmbH & Co. 
■480 nm lA jJaS qijjoj, ''j'j; uUua ^ Alljji A4aui ^jic- Aj^jU a<. ..jU’j a clil am «a Aj] _j£j 
(WILEY-VCH Yerlag GmbH & Co. <> 0% 96 6-) 


AjjjSV <-l l .a u * >! 3.4.20 

Crystalline lattices of nonspherical colloidal particles 

^3 4<LqIj (jLLaj S ^^9 L5^) iJ (j^-^ C5^ 6(_£_}dVl 4 j^)ULo]I 

olA ^9 . 4_iij c > \ x*\a 4_nj 4 _i11jjI A^J-udll 

djl^Uaili 4_ni dJlill j 4 -qIj JjUaj ® ^^3 j^lai -Ida. 4<ll_aJI 

4_ix*ij llAj cl 5.7% 6 Ja-ujj ^ *«o9 1 1^ 4_iuij £-q c4_aiji^i]| 


(j-a (jl£ l£l CL_fijaiU . 3.60 &jl3 (J-olst-o ^3 (jjljJj 37 % IAj 13 *J-a 

ClAij_jC. ^)^Li .lie. ^jjLoIVI 4_nj ^gic. (Jjj-aaJI c^lljl (Jjj cl la. L_ixj-all 

ole. 4_njai^a. daLuiljl c“tKj cJ^a.V di3 j ^ j . llauVI CA£+1 ^3 

(JLo*jjojIj JJ A JaV^I jl W 4 3aVi\l .lie. ^JaLiillj 4Jlj)j 4 j> dale, 

dijLail c^l ill £j-aalilt 4 3*i a al <4*^0 4_nj c.ld daldl 1 £'\k>.s-i) V ^Laia.1 
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j A-alj JjUaj a j ^3 ^)JjJaJ Aajl^oj ^Jl CjLujIjaII oAA ^cjllj 

Ai]j-a (Dimeric units) Aj^ja cIiIa^. j Ajj^£]I A^yii'l JalaL (JaILo^ LaAic. A_ij jjjill A_nJl 

(Jj-saj q\ AsUaj 6 Ia^A A_ 1 L^. ^3 <j£-aj .^ 1 . 12.20 (J^ t^W^j (j^L-alda ^j-a 

30% ^j-a £(J-a]l Aj-uij LaAic. 4 1 1 .2% & _^3 Jajujj a _^3 A-iuij 


A-ij Jj jail CdlsUa^l A_lij C_J. 12.20 .1.00/3.60 (j-Q jLai^iVI J-alx-a (jJdJ 

IgJ AjA^JI Au^I ClAjj^jC. ^j-a A-iida A^.^11 Aj^)£^a Aj*£-a a£j-A aIL^. ^3 Ajjjoi^-a 

70 

Ji la£ .3.01 Jh J^ - ^ 1 ^a'uaa dill <xj1_joi A jjaiaC. V o^la ^A a t Jg'n.iqll Aj^. 


lalll 1 jald ^ liUaj Addl al& tAaijJ aAjl dlsLIajll A_lij A_laladall Alilaiall A_ilc. 

<■ . ^dV 1 11 J A_u1_jol^. dlaal j J d j^-lal . jjl jjjj 4aU~M <_^al£ ^11 AjlJjj jJ <j£aJ 

jA ^Llii Ia^A Aalj JjUaj D j^A Aj 1 jJ a AAga j\ ■ a£jVl (2-4*-° (jjlfi 

jjj£ AAC. (JlajdoiLi Al a/^ 1 1 a ajVi (j^ajj ‘Lnd 0 jjx ■ ^ ^Aj ‘2.40 ^1 j^. -laSA 

jdlLiall j VI-II dH laaa jail dlaaajlj Titania 'I"'/ 1 " Jlia) Ajj.^.r-dHI aI jail ,ja 
. djdill Adld (Jl£aulj . " '1 ■ ■’! d A_ijj£ V dljjjx£ Ia Uaiadl jj£aj 1 all la 



4 _ r al ill ^jaaall Aladjj l^llil (jSaj (jaLalVI Aad Add ^^aadjj laid 4 (U 12.20 JSdl 
t Addl aA^J Ajj jj jill jjliUaill Aalj (id dldll Ajjld AjjjS ajLjjfr ja Ailja AjljajAl 

lads .(111) aldVlj A^_ija Aaljia jjdaj 34% (jlljA. AjjajjJI fldll ljUjII f J a Ajad 

WILEY-VCH t> o^W 70 j^jall ,>) .1.00\3.01 Je jludYl JaUa ^ 

(Yerlag GmbH & Co. 
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CliLooll AjjLJ djlijc-j V Cj|j AjjjC. CjLaJjoi^. 




^iC-j S^aLiaSI^ J j,W a Ja42 dlljA . d_Aj j^)*JI ^Ic. ^3 A^j ^jjJa^A 

^]jj . I ai^. 1 a^Vi l_^_j ^>Via djl_ujl_i3j (JI£joiIj ajj^)£ V dAjj^c- a^.Iaa 

^jC. ^)Xj^al AjC>^) 3 ClllA ^. j ^ja 4jj^)£ V ClAjj^)C. 0 ^)juiIja]I J^jl^)ia]| 

.* # 

JLa*IiuAj A^. J] Clljjla . jAillj AjjUll ^ Vi\l (Jjj^}Ia 

Iaic. (Ja - ujj Iaja^. d i» ^ij j ^ aJaaI 1 aja^JI aiU£I 

qc. Ajj^j£ V ClAj j^C. S_jAuL±a]I An (J^IxaII AiujI^Ij 

^jiiaj^)iall AxU*J 1 Q'V'Us-i) 4jj^£ ClAjj^C. JIaxIujI 


djllic. 1 g*iqx*oj dj\j^)£j Aj^ajI^II CljlalxA ^_ja a jal j C1 jI_ia£ ^3jj (_£Aa 


t^^j^AJ aJjaI SAxJ ^jj^jj£jl ^_uia A_j^)g y 13.20 ^uj . diiujLill AjjL^.1 

. U^^-J ^ J)g ^ ^ 



JlLuii S-iC- JA LjLjjiJI (J -4 AaaJjaJ AJja) aJ*J JLaaA 4 J J ^ A JJA^ 13.20 JIaaII 

AjjLajS AjLjjJa JIajLLaL 4ku/10 <U^ JLui ^ic- AjiaJI AuaSI ljLjjC- (I) :Ajjj£ V 

(*) (WILEY-VCH Verlag GmbH & Co. 6- o% 108 <>) 

‘4jjj£ JAol^J dll AUA (J J2lJ JjjSj f Lujp AuU AjlL^a AjjLusjj ^Jjluul I^J dll 

AjjAJJJJ AjjJAJJ ^jIjA^J |j J j) .(AaLjjaVI AjjUauSJI 4 J* Ay\\ (JA (jjL 107 JA^l (J*) 
Qji (jjL 13 (JA^ AjiljJjfl J_lf- AjJjS AjjAjJ^J dll AUA <JA (jljJLA^A 

. (AALjjaVI AjjLjjill Aj* Ay\\ 


111 


^jl jl (JIa 6 6. via a $.ljj CllLiJ (jc. aJIaIj ^V'ia ClAjJ_jaJI ^aJlc. (jl £-a 

A_illc. Ajj^L u'ii LjjIa 1 jma V‘i 1 g jma V‘i tAjj^)£L<2l ClAjj^jaJI (jA iS_J^ 

^^lill JjkJI (jC- L_flj^)*_A (J^I^ll (jl V] tC-JjJxll (j -0 IA^. (JjJjJa _jA3 £_A (. * n'ljj]! 

Jj£^\ till j J Jjjmll ^jA J .1 |jm (jJI 0.2 (j- ^ULaJL AjjjS V fljj dllu] ^^ic. j A'u t n 
V ClAjj_jC. ^ JA Vi 1 1^>AA (j^fLj (jl I~>J 6cii]j £A J .A-ijjJ^ill CjIjjLII Alia. ^3 A_1 aAI 
Aj^)^L Clll£jjJu ^3 (J^ll ^ q“u 1.1^11 AiAall Ajjal^l jl (jj^JJ-uul ^ill ClAj_j£ olail (J!lA^ Ajj_^£ 

(jliliJul (jl^A^/h 6 (JLia1I (Jj±uj ^ic. jjj Liil£-o Ujjjj (_£Aij ^IxjVI Ajjjij 

t^AJLaj jlj A_iajA CAl W An AjiJa j c!jIc.^a^-aj $.Ia 2I diliJ ^ j)-»„i (Derivatize) 

ClA£jjoi ^^9 1 g AjlVnl Ajj^ /IiaII ^1 >.i.\y^\ dAA (j^J <j£LJI (^jLj^£^ 1I jSllill (JLaa!1ujI ^aJ (j-Qj 
AibaiAJ oAC-liiA j)j£luj AjjLjanll ClAjjjxll JjJ (_^|J C - J l' i aIxjVI Ajjjlj 

s f ; 

a j)3aVll ^9 . ^c-Ljaall ^9 LijIjjaiC- Aa^-a a£jAu 1I (jA 4 LiVi (J£ Aic. j cIajLxjIj (j^jlijj 

jl/j jl ^ mjlVia a^ (Jla-A J^nlVn dilAlajVI L_iij^p (j^AJ 6A_ijLill 

£a| C-JaJJ CIiLoiaII Jajjj^ll Allj)l (j^-oJ c^JaViII c-l^Ajl £-a j ^^^.jx>Llj^j^)2UA 

Ig^juTi jl cAj-al jIa A_nj Aj_j^1JI A*\i Aill aAA c. *on^M ( jLall (JI'><q'I £ Iaj 

^ A^la-all ^a t^ajlall JlaAll t — ilajl jj.ixj (j^-aj .(Jelly network) A-lo!>Ia a£jJu ^ 
CljliJll o 1 a ^.LkjlujV ^_j^l jji^JI J A ~Nj"n A.^ u*ill d^A ^ A_i^. j!ill l_jjj_jj 

. A_uljJI 


lJJjIII aJLIaJI (j-al jiJI lj! J AojjjjaJI ljIjjIJI 5.20 

Photonic crystals with tunable properties 

Ajjjij Aj^j^L A^Jjjj ^Jajuj ^Jc. ■ II ^ jj-ial] (J ^lall (jc. ^)J t i*MI (j^-<^ 

^1^ Aj^l*-a IjIHiujI ^A_ij| jA CjIj^)£ jlj Ajj^)£ jIxjVI 

m • \ = 2 • n • <ihki * sin 0 

^-qjujj La ^1^ a\I g. ^-^.^aII (J ^la]l Aj c Jjij^ll Ajj^) m c*’ 

(Ja-aLall cZj-ilcl —9 4 ^LxjV! A^lill A q j^x^W iV I (JaL*_a ^A n J 6 ^Ax-all 

^ ^Jallllj ^jljll ^.jjJall (jjj AjjI jll ^^A 0 j 6 [hkl] fiL^j^l ^ ^g-^l ^^-^JajoJl 
AC-IjlaSI ^-a S^joiLia LjAujLiIa Ax-all (jUaj (jl ^-1] Al^lx-all cAA .(hkl) (_£j1iuia!I 

(jjAA ^^3 ^lixJ (_^l (jl \ .^jLai£jVI (JaL*_a Ja-ujjliA lIjLj^IiuiaII (jjj 

^Vlll ^^3 (^A*Jjujj (jl t^aJ (jA t^j£-aJj 6 Jjj'vll Sj^jA ^3 -Ijj^Ia ^\j^)jl ^Jl ^jjIajaJ^All 
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A ^ 'ml a \ ^ ^ ^ \ i A i 1 < . A3^J l^^jjjJj A_1J jJ j 3 ajjiji A \ \ ^ \ ^ Q 1 1 ^ j .--s <1 i. s-\ ~V- \ 1 ^ 

5= f. 

j jjLi3 ^Jc. aj3i Ajjj^j dal £_ds3 Axd 3-axlld jl Ajjj£ dbjjc- jA AjjjL 

.jjlll ^3 dljjiu jjC. A j Ja^ a\I dl^j.ax'all jjajC-j 


Tuning of lattice constants 


4\uij11 dutjj ulA jj 1.5.20 


<j j ^ij A^ijoi <UL^. 4 ‘n-. .'Ml > " nl oj * 111 ill ^j-o .l^jj 

5! * * 

jj: sj^-a jj aWa a ajj!3 A^u’jll duljj jjajl V j^-a Alidaj ^3I_A Jdiujl 4^33*3 .Ajjj£ 
(J^Jj^Jj jj|-N)^J JJ JJaj ] ^ (> ^jU/ni dbjjC. -^^-j Lo^JC- . ^^.jld 

^c. L lj 35°C — 10°C jJJ (_£jaj]jJI JJ! l-J jjj^xII j^iWall jjxj 4(-iia! 

JIa J.A ^ u^i Lo^ic. jj Jjj^. a jjj ^bjjj Jj j-a 4,^ ua'l 

JjjLj£1-4) jj3 j*j (j ,.^d"ai K + j Ba 2+ j Pb 2+ dbjj^ jjLu^ (Hydrogel) 

c dlj jjjI^I! a^A LjjISIjI ( ^J3! jjjJ jaj diia5!ili 4 JJI J (6-^b-18- j jjjjJJAl 
(Donnan osmosis Jj£3! jbjj 3 ja (Counterions) a3daJl dbjjVl da^j 

jjj^xll ^■liiljVI 1 3k ji-ilo jLd * 1() .Ai j^^aII ddiij! j JL3! JJI pressure) 
Jl jj»-J (Red-shift) J-<^V! jd A^ljJ dJdJ . Jl JL bjl^j A_LaJJj-3! A.W HI jaj 

j^J j . ~2000 ppm Jj ~20 ppb j-a Pb 2+ db J jj J 3 j Ia-Ijc. 150 nm 

J] 10 1_ M -2j^J AjI Vuxil£ jjjj^c. ^Idl ( x-o ^-aj jj! jjjLujI ^Jc. jj jixll j*i^kX) Idajl 

jj^jlxll ^jJ Jlxj c 5 j^ tAll^Jl o^a J .(cjj>**^jVI 3JJ^' 3^ 0.5 mM 

dbj£ jij jjb aJI*_a a _&^ a^Loj (Avidine) jj daVI jj Jq^^H jl.^n.i^jl 

Jj jj^jliJI 3^^ 3*^3? • 3^^)^^ J_^ ^31 a A_a^-Lo AjjJj AjjjO 

A^Uilll dljlj 4^3^ 3^ 6 dlj Jjjl (> . \ UjJ J ^liiijl Jj ^ajjjVl A_lajail jJ Jlj Jjk 

“‘.^jjLii jii^u 

j-Q Ac-jluxo Ajjj£ dbjjC^ j-a dVbjl c** a at ;A h^ill dl^ dL^Adajj ^3 
jl ajl j^Jl A-^jJ J^b (JJ jia jc. Jj^-aII ^ jdall jjll ^33 jb jd tAjjLa dLa!^-A 

Aj ja 3 jj AjjoiC- 1 ^^9 djjAX-31 AjjjslII dljj!31 djjal ^ 2, ^ 2 .^J\jj^£> 3W -0 (j.a J'aj 
jl Ajuj JJC. Ai3a-3I d^ldjVl ^jjIJ A 'al ^ja d\ >AA Jdid 3^-^ ^Jc. A-aj^Ia 

Jaj ^1 a cA^jUaa Ajj jl d3jj All J^ ^Ia^cVL 1 14,1 15,1 16 . jj^aII d 

^3 ^ ^ . l^IlLajojl jJj jjlll A_aj^c> 3 ja 3^ Ajjl<31 Ajb£Jb Ja^3 ^l-ojoiJ Jf^-/33J (Jj 4 ^ 
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Aij^x^oA ^3 A_uj jaaa Aj^aiJjj Claims ^ja jLxjVI Ajjjlj S^)^L "(3^)^" U^ 6^Jl^JI &3A 
£jLa t (Jaa^ ^IjLui ^*y\1 U^ J 6 (Jj'ua cs - 2 ^ 1 ) (j-o Ac. j)‘u*oa AdJal 3 *ia 

.^r qVn A-JalJ-i^ll ABj^^a!! cJ*-^ a_j3allj ^a‘u (_£jjJaC ^ uSa jl ^j^5LAjoj 

(J ^lall ^aJ (jA jj a£jjoi 1I clulj jl t ^i^JI aJ^jujI^j AjIaUa-all A3 j^^aII ^liljl £aj 

175 1^-uA-} 3 ^jj^jjUi.nl^j dA ^ja Ac. j'u/i<i S^j^L <IL^. ^3 . ^-Il^-aII £ jjJail ^a]| 


Jl 450 nm q* Jj3^11 JL^aII ^Joanl ,\\^.a\\ * jjJall ^^jaW JJaJl e-Jjj mm 
Aallk-o Ajjj^^. (jl jjl djli A-fjj^j'^i ja ^)_£j\lij lg_kliijl (jj^ia (jc 580 nm 
^SLi Ajt&lL Ajj^jC. S^jJaI (jjS^)]! ^.LudiJl Jajai ^Jc. Aj J a JalAjl (j^AJj .^14.20 

. JaUaA ^iA,.i (jAA^Lillj Ac.UJaSlj jl t (Pilot pen) Cj jLIj 



(nm) Jj^J' 


AC- jwm) jLxjVI Ac£Ij Aalbji ASaJi £>•* - ajjjJI Jij3j ^3 Jlslil t iLJal 14-20 j£4ill 

J*jj (/ ‘ ) Jj 3 (AjJaUxt A3 jV^-a s ,Si AjaijMLa 175 nm jjjj’i- “j'j. 1 Cibjja J^-s 

(Ljl^jjJj) Aiuj^i ijtjjt ljIj AjjjSjlu -' jJIjj jjjllj A3 j4.ua.4ll luaIuI -lii (l'l'-V tliLuagail) 

v) TOO (0.65 J IV) T05 (5 cSt)j iii) Til (10 cSt) j it) T12 (20 cSt) : Ail3^ 

cSt) 

(WILEY-VCH Yerlag GmbH & Co. 6- o^W 117 6-) 
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Tuning of refractive indices jL-UVI ljuJjj 2.5.20 


i_lla ^^3 Jjoi£jVI (JaIxa Jajuj Ja ^2 ^j\x'\W l x>ijl i-ujLuia id J Jll JJaill S^a3 
JJalll o^a3 <— dlj d JUJ ^ (J^p 4il ij ma dlJjJ C' am . d*_iVI i-i£}lj i-ili-ijl 4^u*i 

idljj oJ I a dldJa i_xdaJJ 1 jD^a 4_iaLoia 1I 4_mll oAk Jajui I5j ^ ajAc. (JIjjV 
oiA J .(Nematic) Addd!! <1 jU dl jJJI (Birefringent) jtu£WI 

^^.^aja ( J\_i^)£^ (JLaA (_3 j 3-V i j> d£)lc.j jl ^jlaa a\I JJalll ^lis Loj cj^- 4 ^ <i-lLa-ll 

. ^g-u^xll (JLjVI JajaJ Jc. JaLill Jj <Jjdllj idLudll dljJJI dldj>a JJjd Jc> 

# * 

(Jljjl Judd JIIaaII ^Jc. dLuiaA ^ U^l\ <3^>lc. (JLaXJjujI ^JaJ 

jLajC. I <_Jaj ^ ^ * JddV I (JaL*-a ^uau ^C- Aj jdaC. dl Ja (_^Luialil ^JjaI ^ 

(jjjj t(_£^)al i_uil_jJ " ’ . (_£ jjall (_)Ajaialill ^3 AjjJi S^jJLi II (jjll ^ J J 

4_iS (JxIxj JLjl *LaC- Jc. Jlp^>£^ (Jla-A J.^d Ida-jl Ax-all jUaj c. <aj\ jj ^Jaj 4jl 

.(Redox) oAuiSfyl 2_ra.lj (_JA Ja JUl 1 ^iAll^J 

Summary o 3 ^- 9 6.20 

dl jjL £_lix-aJ (JaV d^jja i-C. JIa JjI Jal I Ja^A lda^)C. J-aall Idfc J j 
(i Ida c JIiujLujI Jjj 3 Jj dale. Jl Jail aAfc LLqjj.i 3 ^£1 dlauV I ip jj 

(Ja*JjujI (ii j $ (Jdul - <a3 AjJJLa ^^3 d_jjJ Ailjl 4-jj JjJI LiSl ^)C. jdlll CIiIajCLujI 
Ajc. jll Ijl Jaa AjJaa . ^Jel - £-ls l_jJujI ^3 dl^jjoi $.ldl Jildl ^JAalill 

^Je <dl^ll <iilall Jj <ijall iijja ^iLaj-d 4^1I1 a 3 . l^jjlij Jill I g ^ Jaldj 

l J Jill ^L_iJaaJI ^al Jl) ^1 *jVI id jj J dl jJj J jj Villi ^j^JiaII ^d-aill 

ilia. ^3 JailS Ala. (J^jd Jaju id Jail o^A cJ^J *^l^dVI SAlAuj dLcuai dLuA_i3j 

JilAjjll j idjjJall Jl Jljill! (JLaxdolj 1 g J)aVi (J-op ^ L) -0 j.W a i-C. ja~n a 

Jad ialiiA 1 g,\»,aj i-alliA id Jail &-^_i i-jjdill ijlxll A qKjll ctiil^£ j .^Jc-ldll 

Jjj <500 nm (3 -q Ju-al dLAxu Jj J (Jl J Vj <(jdadl! (jA Jils die. ja-^ a! 

!da (J^Udll (Ja (J-oJ .l_j;i^ lp-^-l ci-Jaall ^»!J! ^Jp ^iC* AjjjJ dl^di 

a^joiiiA idjl Aj^jldall oIa jjaj ^Ja j V cJj <idl J^JI id Jail (JLadujLi Idja 

JJaj dl^a3 Jjd ^-od V i^a^p Jj o^du-a ^)Loi£j| d^L<al*A dlj dl^ul^j (J^" 

1 Jn*.n djj^l AjjJII dLajJtll Jl^ll ^lAalill Jc. <dldl Jl Jail JJ ciiJdJd .i_A\j 
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^9 l$j c j^GJ dul jj Clil j Aju^\ Ajj^/Ij ^u/il l j 

(Jjj! ^Jall dlkjl 4 ^j-a j^-a^JI A_^. j ^Ac. j . dll ^j-g j^)5Li-g A_x_dai dll ^jd-G^iLill dll ^ja£. 

l_Al j| J-gII dlidS ^ (j-G jlx-lVI A_i£ylj A_iljJ dll^jjll ^j'uA'i 4L_llll]Ll A_g_^. jkl 

% 

aJIj] A_i1a*J (j£-GJ 4 U^J •(_£d J “ i3 ^ JM' C5^ A-gIj (jjUai CIj ll^^3 l£-^-P (_^lll dlL ci- 0 -^ 
^l^il ^)j«a!iaj cLg^-gC. .Aj^jj^II Akidill ^9 \ ilic. i. > )Un“i <jl ^ju^'i A_iLgxj L-lllllI 

Ajx^g djl^di ^Ic. ^lill ^lAaoll ^jl^)ia (JLgjcIujIj IaAiIjS ^j^gj ^AlII A^JJ^ll 
diliiUai e-LdiV (JjJaaVl ^joj^)-g]I S_jj^)jJal\j d u*nl j ^Aj^£^)-g jl^ A^.^11 Aj^£^)-g 
AiwMI Ai. ixda LijJC. (_£ jWi (jl A_iukxll A_i1LijV 1 j A_il\jjVI ^ nil (j^GJ .A-gIj S^)j-da^G 

> # o 

.<jjl J-* L> Aj ^ a jx>VAI A_iLgC- Lg l^pli jj 


A l-inj^l j A_a^_a 1I (_j-al ^^-11 


AjoiSLLg Ldajl jjj-a^ll IAa ^)3 j 


j.\AI ^j-G .^LgjA^U S^jILg j SAAuIg dillnlaj ^Liui ^jAiJa 4 jIxjVI Aj!£)\j A_iijj jA diljjLi 

dll jjLII ^»LgI Aa-HoII A_iiilij ^jj^VI o^j^jjJalLi t> ‘* u*nl ^£lj^ A_x-a^ill <jl 

* 

l^u/ill C5^*^ t> " 6 Aj_j>^ii\ 1 diLii j^)j£l!V I (Jk-G 6 jlsuV 1 Ajj^iill A_ii^i jill 

H-al^jJ ^)A£I Cljl-GXGA-aJ j ^>j£I Sc-lA^ cdlL Jj jail £_<g ^JalxAlIj 4 ^£^-a1I 

Cljlilflaill (j* (Jk-G J J ^Aj Ixdljl 6 ^)LujVI A^k jjol\ j Aiic-lkl 6^-k>U 

A_S!LgVI (J-«ujjj .Ajjj-aJl djUjjjjiiyt ^ AaBIjII CIjI 


(J!LgJ . Cljlj^kG J 4 CllV I 4 4 iu] j!il] A_Ll3 djL^-uJ^G J 4 A_J^)j^aJ J CIjIah'N^Q 

^jl U^ -4 ^ Clil^iiLaj 0 JLi^. aILgI A_ijjJ^3 jLi^l J A : ’n.wll ^_jiaj^)x]| 

^-G ^1 jjIL 4 CjI oAA CIjI jjlJ! ^Ic. A-Gjlall Ajjlk^^ ClalVV^'l Jjl 

All j!i CllLlki ^ 4. : ‘ ^^11 I^gIioi-GJ Ijj 3 I jkaJi 4^ ^jlkl ^ ^LtJ ^Lg!aV! 

.(JjJaSl I.g^V'i l^j ^-g jIxjV! CjIj^L 


(J^I^gII ^3 jI^-gII oAA ^)-g Ailkoll dilq nkM' aj A_ij^ 1^1^ dll^^LlI k 

(Jj-sall ^jl (J^3 l^IkJlx-G 4 > LAjJaal! £y g cilLiA . ^j-G 


cilLiA k 4 41 ^-uj (_^i3 . A-iC.1 u*all ClllAiilaill L_li3 ^3 l^jljl£-Gj (J-gI£ ^lj 

A ^±1 Clilj Aju^\ Ajj^Ij Aj^jj^ Clil,^ Ha «^flj^ LS - ^ C5^] A-k^ 


AiAtJI L^ILg^ 3 Cll^.^j3l .A_kJaii-LG Ailkj <C-^uiJ JalAall 

A^all A_iLl3 (> _ 5 -lc. a jLi A<u*j A^jJ jili Clil jjUl ^lg_lll (J1 Ax'\i.^\ J Cli^ill dale, j.q-n.q 
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. l_jjjx31 oIa jjc. Aill£ j i\g*iVA‘i Cluljjj cAjjjIJI LaLaJ ^c-lill c. fri'jgll j ASAj 

jjtuVi (Jx^qll I ^3 ASjj-a^All J^jl^)Ja31 £_ 1 a^. cdll^ldoVl o 1 a i^ya la^Uajl 

(JLa*Jjoi1 £aj « AjcAu^H dj\ ^nJ-V'ill ^^3 jhfrnVI £-uj! j VLa*Jja1 AVj <jl (Jj3 

&AjA^. Jjjl^)Ia L-llUl .li^ll (JfiJ .^.^luj ad^l^ a!1 <ja dAxll AdjJ jk\\ dll jjlJl 

(j^AJ Ad jJj 3 2_L-i3 J ^lAkVl ^1131 (_£.W"lll ^ja^jj . ^/uVill ^ ^1 _J\jl3 jj£1 jJ 

<jl Adl^Aj 1 -lals ^j£aj . (J^llLad Idlldl LgJlisj jl LglUd o^^3 ^13 

c. I2u] ^^3 idllllll (_£ .Will IaI . L-lHall ^Ic. & Id l^S^yUal jl dlLj jJ ^All ^-ajojj 

£jI_1a]I Jd Adjj^s dilj^A £a L$11aI£a j Adjj^ill (Jdlj aJj! 

as.li£31 A_illc. Adjjj3 a J)£-V ^ j'uA'i (_ja <_j£aj L_fl^uj (JaI£j Ia^A lal3 . (dll a 11 j Aj^)j-a21 
dsU^Vl (3^ ( 3 11 a £a aIs! ^1a 31 diLi^ljVl ^3 ^1 as t ^33a iaII 11a ^ja ^•na.^j 

qaA j 1 jddl j .Ad ^jjill Sj^lJl Jdl^ LglliL& j C_J jax!\ £- 1 ^j\j p^^kA (J^i'q V ^A 

£Jja jll Ag_^. ^k jIxjVI a 2£1131 Ad jJ jk\\ dll jj!23 aAjAa. CliLinlaJ <jAa^)C. (jl cl^)dl 

^3 Ldl^) La£j .AjaAVI AjLc. ^3 ^)a! jl ja31 oIa L^— a 3 ^jjjj (jl l^-jLuj j)A (_jl31 CIi^I^aII 
djl^Ai3^31 j A 4 A ^a^ 31 JaLLill (JIa^ Axilla ^31 j!^a31 ^1 ^V1 (3 -0 aja*J1 aJL^ 

IaA^Jjoia L^^l a) jVl ^^)lVill ^r,*i ia\ 1 ^3 t ^A \ j>^»^a31 

lals tLjajl l-ijjj^iil cijl jjUl aJU. ^a & 1 a ^j^£j ^jl ^j£ajj .a! ja31 oIa dic-^lkl LaaIc. 

.tilll Qc, Uj/ruil ^^glll AaLa1uia31 AIjI jj)-a'l" 


Questions ^iiwi 

ojjA ^ juV oA^lj AjjIIa jL^jIj c_fl^a VA^jjJ ji31 ojjlJl ^A La .1 

. aIxjVI jl jIxjVI jl AxJl Aj^U.1 A_ij jJ ^3 

CllLj j£-a3L I^IjjHa Ajc. A_lj JJ jk 11 dll A InnjAll A-IjaLaVI CIjI^iaII La .2 

Va^ ja31 aJj^Ij LI ja31£ Aj,"ij\? ill aj^x^ ill 


^Ic- (Jjj-ia^Jl (J^.1 ^}A L^_J ^gij ^jl <i_>yi t _5-3 c ' t ‘. ^>J ^^^l Clll ^13-1*1 a 11 (jAa*J ^A La .3 


?jIxjV 1 ^Uaj AaIj (jLLaj dll ^^3 
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j A^,l j,..'.’ 


tr^' ur^ if* 

Biomime tic Nanostructures 

(*) . , 

' 7 jdjJ . ) (JJOJjJ 

cLjliluuj Ajl s Ia cAjjj^II j 4j <LuiAI^JI 


A^jLulaII lj! j tAjjiaJI Lj)f IajVI j cfL^I :*u*SLa 1.21 

Introduction: water, cell inspirations, and copolymers 

.Li]j£ 70% a ^ (H 2 O) 

e.\jL^$\ ^ic. ^3 £_l«G^lii] A_gd ^-<dl AJjujLujVI 6 ^ill (jl -id (jl H^ILg ^kli] cA-iic. J 

djjll t (Hydrophobic) $-1^11 ojl^ll a^.jj cJilLaij 

jJ . Ld*J 1 g d* \ \ AjqjJ^aj (JI£joiI ^3 (^ j)VlM dlillj^ll C£.Lg]| ^^3 (J*)^*n 

a * 

c_i£jj <_s^ (Ribosomes) CjLaj jjjj jll£ iSi*^ diVI '.}$£ IijIjj 
^ (Filamentous cytosqueletons) ^iLuaJ l AjjLlSI d^WlI JL« Aatb 

4 ic- ^)A]1 4_j^lA]l . " 1 J « ■ J 1 ib( -S (1 J v , ^Vi Aiujc-S? I (JjSjj aliliSj . ^ I 

.*U1 JjxLJI A^iij ^^joiLoiI J£jd (Mithochondria) j ^jill 

t (Lipids) dldjulll tAi j£-<dl dllij^JI UJ^ c . \u*n ^^dll aAA (J£joijj 

dl^i-G AA^jl^ A_£llj dl^XG^j^ -0 (j-G Aj^£-G 13t kSl I j|^ dll Lg^-gC- 

(jj£j ^lill A_x_d]| A j» jiJ-dl A\ n^VI ^jia^A^JI C(JI!Lg]I (Jjxuj (_ 5 ^ c> aJ^^> A_niaS 

i* , 

cs-LgII AA_jI£ L^ia Aj^i t(Proteins) CiliijjjJI jl (Polypeptides) Ci hu;nl ^]l 

.{.Loll ^ Ifria ^gJc. “LaiHll allLii-lallj all jj3^ C 5 ^ ^ 'bl 1 AjLIs jj£I jxj 

{.Lai] 4Ajl£ - Ajila3 Ajt-liia LliiliJI Ajj^aC- 1 (_jL]l L " '' L'.'.. 1 "^ ‘ j ""'^"' tjLalLj 

jl (Segmented) ^*ia| i_j_jLoAj Laj^t ah'iil t( H-P ) jl (Hydrophobic-polar) 

^ * Dennis E. Discher, Department of Chemical and Biomolecular Engineering, 
University of Pennsylvania, Philadelphia, PA. 
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A ju aVI ^ jA Loa jj£I (HHH-PP L&-®) (Block) 

(J jJaII Ai] (JjSIIj Jj^II jl L_JJJ Jill lAA Jl IajaC. jLujj . dliijj^jJl 

LaJ jJI J c.La11 d j^ll S^aUsJ Aliuxn ( jia jjc. ^ja Jd ^ .(Amphiphilic) 

Jja ijc. Ajjj^JI ^^-nll C5^"^ AJjAj <Jj (JjSxxnl A )-ijxxi ill L_JI j£JI o^A A_ajj^)JI 

.(Aqueous self-assembly) JIaJI Jlill ^ . j a >i 1 1 
jl aJaJ! dljj£-<J (Synthetic mimics) a_i±£jj]| s1£1^a1I jx>»VuJ &\ jx* 

^j\c- ^ja oJIiaaII S^jJaLaJI AujIjajSII A_Aj\j^)ji]l x.*aAll Ji AjIAII (JaC. AjqjS ^^3 Jaj 

Ixjjj . A Ag a I J jjl 4*i«a. (Fluidity) AjtjUll j jl Jl (Energetics) AiUJI 

jl ^Uaiil S jj)3A1a11 ^.IjajSII ^3 I IjujISx 'll ^gajl I.^A (jxiSa.n c^^aII Jaj 
6^a (j-a <jd*j l3J a_i1a (Crawling) ^ 3~i»j .aJ AjujJaII 

& Loixj S o ih^i 4 AjlAl Luj Jj 1 )i)i^ 1.21 (JSxxill . IjLjaall 

V dl» aVi j ^JkJI (jSjg.ll dljjjj^ll A.jkjAll dl» aViII (jj£j . i—djl s-IjjI 

.(De-polymerization) S^>a1j aIIjIj (Polymerization) SjaIJ dl_uj Aj£ jLd 

a^jLuill Aixiajill . ^Ia^I J] AjlAll ^3J ^3 Aj^j^ja !_j! jjl L^.jjJaj dUajjAll d^A 

3-a J A 1 L_lJVI s-LaxII L_flja Aic. A-llixJaaj S^aL <jlj ^_^.jJ L 'q^J) l.^Sg.l A^jLxjdll 

^.JU! AjlA.ll £.Lxa£> J ^juIjLJI AjjjUll Aajjl^JI dUISill UxjJa^A ^r (Filament) 

% 

t"'l ..Ml Clilj AaLkll «.Liic.j AjiiiiJI (jJI (jU to^A Aj^JI a^yiiJI CjIjjjaui g.1 injoil < 

La£ - r*-l i. -— »H i_u£jj]I (JjLiia (J Jil tAjJiJI 4_A“ cjJjjll ALlill AjSj^LiiJjjaJI 

(Vesicle) aL^jj^JI j (Worm micelle) Jjiall JjIj qa 

. LiX ^j ; ~ a ^ - ■— j ^11 



Ajlii A 4-ilaJI : ^jlxuaAilj <Luj£jj1I AjjJJI AjJi&V) (jc- a 1.21 JSaill 

Jluill) (J^aV Jaau (JjS j (Actin) cyjSI — AjU J>afl ‘Laj^i ja 
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(^jljAl) LSJJ^ fLuiiilj AjlaiJ LajiLil fUoC. q* JS tp! jL^I (j" 9 

9 jaL JjjjJa (jfr flAfl A£ jaJI uiii tJjSfl <ji .1 min 4-iiaj 9 jjS <_jS 

f Sj-aLil ,4 Au£ 4jjLjj (jlaliA j\ (jl xJa&S Lul&ul A^iulUl (jjj£VI ullui 

l_j J j/a f. 1 - nt \ \ «c. ^ t < 1 a a t j Ljblg^l Ajjjjj ALaj . AjldjjdJJ (+) 9 jl-v'^ti jjC- 

,j»L>VI u§ fUiiSI la.ua 31 9 jAi xljj i4j*aili CiUajj^Jl jS Lu .SjjSjiL 4-ilLil jjLajil 

14 ij*i} 4-iialt Sjij^ Aj fr SjjSjJI (jfr IAjxj AtlJjjl (jLaj ijjli 4-ilaJI fLifr (j^j 

.(Elsevier science <> <jiU 

^ 4jj£jj Jlc-I j (u^a) IajjJ o j-a Jji Bangham Jjc. jl Ala 

^asj 4 C5 ^JaL<ill jjall jA dJ n/nAl ^ (Liposomes) djLojjj±il jl <d£L-ajj^. 

dillij^JI l qjlan ^3 jl ^A-idc-VI ^-3 A-jji^ll dillij^JI aJaI^a (jsiA) Laj3 s-I ^joi (JjU 
jj* A^)^»a LaA l.Agjl] ^jLola]I jlx_^.^)A]l 4 . dl^l (Jdl ^ (Jaju ^lill 

jJ ^JjJj]| jjJj^J ^l±^jl Aj^ (j-ald A^.^J _j£a11j ^)JA^. ^idVI j£lj c jjj'/idi 

jl ^ j 4 -^tj ^ ^jJdJI (JfLi^JI j-* Sj-LAJ (Tubulin) 

.ljud 4_iujli (Microtubules) Aj jj5La dilimjl AJajoil Jj j)W) jl j^AJ ^LuoxJI ^gJc. (JaxJI 

(_£^)dl O^A t^^jlAj j£d ^9 ^Uaill 1 g ~nAa l ^^llll tAA^.1 jll Ajl^ll (JLo AjujI^aII ^idajJ 
.i-v ' Ajj!1a <>aa j^lj .Ajju4c-VIj (Filaments) diUajj^JI j^j jjtLJI J-qI£j]| 

jA ^J^xll ^ u^njj ; j-ojll ^a ^Ic. ^ aV'Cij SliiAll CliLlijj^)JI La IJlc. .l^jli 

AjjJajI dll jLoia Li^ldJI 4_iS c^ILia’i ^ill dl3 jll ^ .(Leaky) <^aI J Aj.\J nlll dl!)L-aJ^JI 
a aJ-ViVI *>. ^11^ t(J\jt3 J<; i ai i 1 g iiiq'i ^.lidj J£Ldo I^a <^JL*_a 1 (Metabolic) 

jllisVI Ia .^JaLaull L-ljl^t. ^Jl AjLIaII LjI^ - 0 jl (JaI£JIj jlll Aj^aj] jj\\ 

A_iC.LlLaj-al Li^Lk A m.ViA dllil^Alj o jq*s a Ldajl L_fll^Al I^A tAjjdJI ol£l aIIj 

^j^Vi A \ Ui.il ^ ^>IaJ jl dJj AjjoiC- I ^a IjA 0jLLll I Ail . dlLja^)^ a\\ A-i\ VuaiI 

0jLdll AjSj tJx^L . j AjJ "A-i^." A a3ViV AjjjjjJall AdLj^l ^aLaII 

J!1a L!>ldJI edjUaj Sl£U-ol AdLij^l ^ja. ujVI j-o ^^aVI a^JI (J diVjLdi ^Ic. ^ j^ll 

-J» 


jl 4 Aj» La3 A-5 dll^Ajl^J L_li£ jj ^^jJaLAll j^ll dllj \ )», Uii Al a LiC-Lllaj-al ^ 


j a AjL A m I Jajj I^ILasCLoiI jA A^.Ij £3!aj ^cA_i1j£ a£ jldo dil^Ajl 

4juL1a c > i'WVi .^1 j!a!^U aLL ^iC. j 5 jA <allkA (_^^>dl AjL AliC. J] A 
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dl^Ajl^A J 4 VI a~nI 4 4 Aj^x_aj . A ndj AidaV J_ja A-lsd^dll ddndlll ^Aa a 


c')\ AjjjJ (Microphases) AjjJLia jl jJal J l^dl ^)Vn AdJI aJj£1I a£juoa1I 

(_JA 1 x«Q» ) 1 g ks-ix n AAjLalll dl jJJI (Jjd . Aj^j^x^ill jl_lx-all ^JA ^l_^£l jl J U^lJI ^JA 

d!^Ajl_$A Aid. ^9 AjjJdoll _j! JaVI U-J^ dlxj ^ ^Jc* '•di ^jjall JJjuj 

AdUall JjjJll ^Jc-j 4$ J] A JaJI (Jl Jal Ajd <_ja (J£ ^Jc. 4A_ill£ll d^ida!! 

4 ^ no ill ^JVslI AiilJall ^uIjLq ^Jc. ,B £-a I^Ic-LiIa A (JjULa A £-a ^Ic-lid A (J^j 

* > 

cAjj 3 *U1I J A_mll (jj£j Ad J Jill ( H-P ) A_nldll— ^Loll d jdll Adi ua'I d!>lc.liJI 
Aid J Jd A_mll ^Jj£j A_i^.jJ (JA dj AjjS ^ddL W^) •Aj^_jLujj jjc. <dll£ Jj 
Ld ijal j! (Daltons) dlljlldl qa did d_dj ^j- 0 j.j» ^ JLJ>^. u jj dili ddj^ 
£LJjlj _jdoJ tlia.V Jjjdl (jj J dljdj Jl oJjxllj . Li^Jjdl J dd Jdll jA 
J JJ 4 Jl£l jl dlj Jll Jl ^ja dV I A_d^)dl J j jV I C* n^k i Adl^ll a£ jIuIaII dil ^aJ ^J l 
dLmxjuij J Vj Lad*. Idl ^1 dd.lAJ d-lAA a£j 1 da dl^cujj A aIVi! (J^^. ddjVI 


^Jdj dld-aj^^. jl a Ag xi\l dial xfrttV I (3-°j • i _ 5 -dUI (jjill 


Aiildo aJj£ A£jlxd dl jaJjj (JLadujL Jd J (Cell-mimetic) Ajdll 

Jill J u>>JI Ajjujj Jill (Aggregates) dl» aVIII d^a j dajl ^.J^iaII 

^jjj j^>JI d\ » * Vi I x >»» ) Ajjd j (Worm micelles) diLio 

J^.Ij jl ((Collagen) d^VJll dUll (Jl a) La^ldJI ^jld ^lj^ Igjlc. jjc. Jill JdJI 

(J J n ~ n j\ J^j^JI (jjjlA (Jj-aJI Id ^Jaiu djjai .(^jJdl (JfLj! dLLajd, JIa) Ij^ldll 

% 

Jill dllniaJlj tl^jlc- ^jLg j£l Jill ^jIxgII j c( 2.21 (J^dll) dLl^JI ^jldLd dfllll 

• ^ja 


AaH£ AS Jx ulia dil yul jj libUajl Uj^LuajjaJl j 2.21 


Worm micelles and vesicles from block copolymers 


J£jdil JajII laxxi J aII ^Ja) c^jIa (J j >\^ a J-ajxxi^ (J ^1 a aIL^. 

jl clddj jl ;Aj|Jxujl J£l ^(1.21 cJ^ll) (Time-average molecular shape) JujJ! 

C£^ Ux^l3 Ado ^al ^.Idc. (__£-& I • ^JJ)^*Vuo Jill 4 Uaj^)dA 

(Average ^.^^11 c- Jjl duo J1a\ ^yoldtjl ^^^a AiaLauj Id ^Jj^)JI (J^dll Jo-lojIIa 
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.Ljajl jjjIj Ciljjilalj jjfL; (j\ (jIaaII (_j-q <j' f polar fraction) 

4 \\"\^W o^Vjxjj 

3.12 _}^ ‘'-'^ .f jjIaII jj-o c-^y^. ^ J .’.'f-l j AjBjB 

4_lic. ^_i jV 1 jjliljfi ti]^)!iiaui y^Li] yj i _j-0 P-H 4_Lui1_jojV 1 4_n21 

Jjjll yl^-a j&j) c(Polyethyleneoxide) ijJiii] Jj2l bjjjSI ^ “Uika j 
(jic. Ajjfa C.L21 SjbjlS AiiS ^ AjjUill j ( Polyethyleneglycol) JjfLilc- qAujI 

j&j ^jjI jjc- PEO <j! J) ij\J^y\ c_l^j .(Hydrocarbon) ,j^jjSjjA^Jl 

Jlj-ll 5L ,*ox«oA aII A_iin]l ^ j}-id jl ^-^ladl dldlx_A ^^3 £_uj!j (JjLlaj ls ^" 

^^3 IdV (jjdSlVd La£ . Ajj)j*-kll A_idi]l ^ja Hsljj ^\ ja 1 g,\* -sj AjV Ajjj^II 

Ja^3 .^dt3 Aiisl jIaj Laj-f^. Add ^S^aSI PEO ^)a2^j (J* > J V t8 

^JJjLij AjI VdVlj A_i^. dldl£]t dc. ^.A-ujJ La ^iaj Ajjddl d!>dlij]| 

.Ajj^jfLiA A_l^. dldl£jl A-iC-Lidd j| ^a 


^-aJ^JI Laj-ac. c25 — 42% y PEO A]j£ cJ*’>J 

dLa^^j^Adl^J d^d-aj^d ^jlda ^Jj s-Loll t aldad (Ja^ a\\ ^1^Jjola]| 

<^L1a) PEO — S' (Hydration) aa La] ^jj <LJd jA Idj .(Polymersome) 

<_ja ^ La ^ i*\ >.u (PEO H dal n-^^Uxi^i s-ldl dl n~s ^ n~N j^j-liA Jd^p 

C(_£^k! A_i1j£ dldLii £A £A\y\ Lade. cA_isl£ (Osmotic force) A-isda lli d j3 ^L«dl 


Ij u*n <Lld J *^^-2x21 qa ^q{n Laj3 ^.LaII ^11 ^-a 


Ldjli Ldj^su PEO aaIa! ^jiajjd <.f » 42 — 50% (JJ PEO aJj£ ^3^ 


4_md»3 AjJ d^yLaiA dJ ja i^.\Ay\W ?.Lldl did j cAdiiilAll AddVl^ ^Aa!ijj 

Ax-Ld \\ Uxi*) ^ij^a]l ^aV)11 (j] • cJ^x'Iill 

^jc. PEO SI 0^ *^^S1 Jj-di ty tAdj dj S j3 tillj ^ja ^cd Lil£ 

L^dalj dlj ^3 i^xjaV) 11 (Jddj ^^3 A^^Sl aJI ^-a ALuUa . (Ja*^ a\ 1 ^^Lall 

^jc. AiidiA ty cAdnll dill aj3 ^jl *d^)iiA d^d-aj^^. Ajj^j^jaII AdLxdl ddld ^ja 
g.1 jaj^ Lnd o jjx x^ill dljdJS L^J^ddl ^dd Jl (.MW 

9 -u>?j^jjd 
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f- 25-42% 


f- 43-50% 


f> 50% 


A_1A2w ^ < l-»a ^ 

”(pe6 jh*) 


JjkJl ^ 






$ 


oJJjJ 




A-akjJi j»a Aaoklll Jx*£LuJl AALal ^j-a Luuj ^111 AjjjJ^J! JtLuSU LjUaiaa-a 2.21 Jiuill 

.tljljj£j : Ao^l j jljlaVI t a Viva <jj£Z JlLuil !j£a *Ijj o**£j .Jj^aII 

JjjaII A^jJlj^il AJaxuull S\ j-aJI ^Jaa ^ t ^ c ( _ 5 okiil f ,jj£j LadlP d£Luaj^aJl J j^u 
^ jl^-a di! J 4aaJja j A-Lj-a jjfr A-ulafl Aluiluj jA (PEO) (jaLnjl ^ ^A\ 1±uSj\ . Jd^aJl ^dall 
qa AojjjjSjjJL^ J i jJaill Jc-lilj .AALaVi J^-ujj (flj-a^Jl ljIj^I) ^,n\^^l 

dia^jj . f Lai! AAjld SI jj ^jjj£o 2 f LaJl S^xjluLaj ^OAaull A^^^a i^axoll Ifrdaxj j-a Jjxall 
AjJjiil di^L±ail JLuuj . (JjjULoII AjjjLUl d SI ^111 AdLa^jj jl^JaV jaa-ua f AJljl j_a Aluaj^Jl 
jj£ 1 A.j Ja^ jJaS j-a diLj£JI JLuuj Luoj Jjlal Aj-Jalll jJaUI jluaj Ladle- JlLuiSl A-mJaA^l 

.(Elsevier Science c> 14 j-^j^l <>) V j Ja 



A^jlS A_iH£ CjULu] ^1^1 4 Vi lb Af> ju/ia <jl J jJ j A jc.1 \U^\ AjjaA jj AjJjC- 1 3.21 J^uJl 

fLali LUA-ail j ^jiaill PEO — J ^4%%ll jl f JaJl 4u*-b ^^Jaau .fLafl PEO 
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(IiutjJ tdjIdaaJI qa . f-Lii! 4Ajl£j| <Uj£i! ( jj£±tj . j j\ H j 

lAuAm JjIM I j In « £)■« j' (cJjl/li! tiAi! tj^w) PEE £y* La) ■ i “ 
(|Jj j AxJaj / tji bLjJjl o'l Ja*V .PBD (poly butadiene) 

< Aj j j CjiLidl (j\ JxiiL Cry o-TEM SI j^Jai j£j . c£L^j ja ^ V Jj 4jj_$ j aliiLia 

1$ jjjLa f. LalS 4jtjls fjji IgJ iMW~ 4kDa <^40^ ojj i Ajlis aii! jaJjj qa 4 a 

•~10 nm 


U Phase Contrast Microscopy-PCM) j akll jjlij 4jj$^-a La^at j^Jaj 

^ .AjAmlll * " |V S ■ ---> i odl ^ j (JISjojVI 4x.^ILa O^yLaC- CljLa j j ^aJ 

ta^);g,i.u Jl^l laMXTS 6 (1.3. 21 (J^xull) (J^l^.Vl J 

^uLiLo ^Jjjud-Q ^glc. 2E)!j^ Ia^ 3 Ig \a f- L5^ L J 

2^31 j-al! ^^xJI JjILo ciilkfLall ^US e-Luic. (leaflet) dASLjj ^ ciAjj^JI 

iCljlafUl AjjIjj Aj^aJ C1l/\ j^Jl A jJiic.1 hi 4<_£^kl SjUxj .(_£^kVl Aajj^l 

Loll] ^gJajjJ ^11 (_£ jIiuIaII £3^°^ dAiL^^l (J^IaII ^LuiS-llI ^jl £A 

# f > - ' s- 

(JUiijV 1 Aj^Jg A ^JA _J 1 )>>)jl dmj 4 L*il j £A . 2)V 1 l.Agjlc. jl C jjA J^Aa 

^-a Iac.Ijj Cryo-Transmission Electron Microscopy (cryo-TEM) ^ jx<JI 
{ja _^>^1 UJ^ L)1 LS^] cJ^ 0 ^ V t^LuaC- A^Iajuj ^gJaj l^jV C A-^. AllLa 

c*’ n-s \ a£Iaja1I qa LjsjI j c 3-4 nm a£IaJ Cj!^ Aj.\j nlll a^.j^J>a 1I djlkJall a£Iajoj 

^ . (JaI£J1j U jJ (jl 0 ^.1 j cil^p-uiA ^>xu^ V 

CjIa ^^)j) nil I^jLoia CIjIa (JI^juuVI ^gJajujjliA q\ 

jl £3 jjj S jl (jl UuJal j <j\ k_i^j t (Liposomes) 

Iajac. j& (273 K — 373 Kjl 0°C — 100°C S^Laa oAic. a^.jJ^)a]I 

2)^- ^3 .A_iaUa*jl Ajjjl^j a£^)^. jl »1,W,)I JalAjl ^ c" (j-Q 

C5^J t Aj.^jnlll ClL^ ^ l^jJal j A^La*J 1 dj\_2k dlSj j 

t ^ ^ ^ ^ s . e . i3 

caljjl 2)J.\. Ul ' aL-oj^JI A JoaiC. 1 ^3 U^a \ g J 4 A,^un)ll 

A^Ia-uJ ^aAj^1\ ^gJJ^^JI (j^)^ ^LaJtJI g.1 Wll ^LqjIIa 2)1 ^3 Jjj 

L )-ajLa^Jl J A, \ X^-1 j! J&Jl l-Ja^aj))>^TN J i^LlSLa-ial ^tf3jl 2)1 ftljjl 2))/ Uj>1 4 £ \_IOliJl 

CIjI jaJ Jjll 2jj^^ jjc. j Ijj 3 laLtJ J^W'n 4^ jIuiaII ^gi A f\\ aIjjJ j j Ai^Jl 

.a£jjAa11 
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aaLaVI JUL a x a~^ a!1 AjJj^II c!j^IjAa]I ^ 

^JJIJ ^Jalj .{MW — 4 kg/mol (_$^)i.! JJC. 4 ^j1ooa]I dll S^J 

t *Ul ojl£ ( Fluorophore) <_£ jjla oj^* ^i=uJ _jj (Fluorescent labeling) cfjj^ 

j^ial j . 30 |J,m JJ Ijiljial iJjdj UIja ~ 1 jj,m l^c-lijjl dl ^ AJ 

^JaS (jl . ^L_J. 3.21 ^3 A J-vM Ij^jAlip (_£jjL C5 ^J A_illc. 

JljJaVl Ifrflaaj 2jliljaiVI (j-a ji&J (Jsl i£^ 10 nm jA <>aa 

(jV 1.112*, (S -A ~500 nm Ajjjlill a_i^. 

V Iaaj ^ *p~A 1-iAj ^ p ^^ia-aII l_iL^l11I l)^ 3 Cy* S* J ^3 AduiLa. 
cjj c^l 4(JSI j ~ 50 nm Jjia ls^ ls& ^DNA UjJI a. ±Aj 

c aJU a'W-\ i!l) c' n^k ^j-o l.^j 'q»") J&\ U>ijl jA DNA UJI j *Pdna ^ ^ 

dlL<Lul]l ^j-Q 3 j 3 *_II J J^laJl A KjA j 


4 J^jX>Llj.l]i j3jJ (-d c ^ pLdlC- A^LajoJ L^jLaUl I ^}la3 LgJ (jl £AJ 

^jlill ialjJjVI tJj'Vi ^ Aaj .AaAL'^Vi AjjILo L^.j-Ja j J&\ Aj3 jJI C1l>IjAa1] A_ ij jl^>JI 

A_jj^a ^.Lk^pjoil A_1 a^I Ajj j^^jaII (Jl^Ja^l dllj li^la A3 Luia11 

A_1U> ^3 oljjl (Ja£I A_^^J A^^yllui La£ cL^.jjJa j AjljLo Cilia a V l (jcl ^A .^jljj]| 

A_aj3 £_a LaLaj A_a^-joi1a A) j tA_udij ^_iJal j ^)l^)ilujl (_J^J t CIjLq 

^ * 

^JjoaLlj L-fljjuJ . CIjLq j^^xuI^aI! ^)!^)3Jjuj1 ^ ‘aViJ ^LuliJl (J£-Ujj A-*-9J^a]| y 

. l^.V AjjLoJlII dj\« .qAiII j A_xjLa 1I ^iC. 


A£. jj^JI J AiUali jAfr t^vvli iuj,‘ull 3.21 


Solvent, size, energetic, and fluidity 


Ajjj^II AjjjJaxJI CjUjAaII jl A_ijLdll ^3 $.1 ^juj 

^Jjll A A * til Ia jl jiLujI J \ g,*ic. jxq iA\1S^j tCjlx ^Vill Li^.^]^3^j^aj ^Vill 

(JjJaS-a ^.Ij t A-ijlil^Vl Clj!>lc.lij]l J cA_ilnll Auill <_£j3j iA_Luilual] 
^3 (JjaiSj 1 g i^lj tA_ijL<i]l ^j-o ^3 Cli^l ksi\y2>. J<S^1J dll A n\ll c^IILq 

. (CHCI3 A-i2kljJ^l LxuS ^.LiaC. dll n.'^iA ^3 cillj (Jx 3 
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£_L-£a A_ijl£xl_J Ixx cALxLaill JiaJaJl Jj^lj 1 ^jl A-iLlij J ixjj tlx ^xC. 

.*1x11 a^)£Jl AAixda dal^xji^J Jx SAaA^. ddl j jlAd 


"^jjjI_j" l^u^ li^lidl a^iimall (Jjjxll dal_^.jJjxj djlja nlll c. <il*aVa jl j£xJ 
o^)£ll SAlAuiil (Jjuj^LuJI Jx Jiml jl eA^lj ^Jc. Ij jdd lx Idle. lg_&Jj tA-iiladl Igjjxj 
dal .^a nlll Al\^. J n = 5—10 t »“ aj^. ^(— CH 2 — CH 2 — ) n 3Adx dalA^. j Jx AjJx & Ixll 

Adaidix ji^ljj ^3 ala (J£dj la a ^Jill (Jjaa^Ldl (j>»« a dllA J^lj . Ic-j-id Jj^Vl 

CcMC ~exp(- dllyLiAxll £ jaJl jdl ^.VjJa I £ JVI ^aJaxx A.idc.1 J 

£h (Jjxjj tAjJjaJl Asllall k B T (JiixJ *»” aj^ . A h^aj^^Jl j)\ 1 laj^n 1 _uj1_j 3 n£h/k B T) 

Jaia3 dal)lx<aJ^^Jl Jix dal x a Va qj$Lu . (Jjl^kxll Ja~s x £_a _jjx J^ xil A jl« qll (Jelidll AsUa 
Ale JjK ajV I ^)xj AlL^. ^3 «CcmC tl) -0 (Jc-1 ^^g-^Jajoill JjJlll (Jxlc. Jj£ 1 jj Jj£j lx Ale 

cd^J 8 h ^ l-2kBT biol (~4-8 pN nm) ‘(~ 300 K) Jlj^ T bio i Ajj^ Sjlja. 

Jx AL-all dal 3 (J jjxll daL^jJjxlj dal, ~n nil Amlxll JdL^xll ^3 Ccmc ^jl JL} 

S jilxx da Ux>M l jJj < J c(Picomolar) Jl (Micromolar) jV jxjJLix 

Aj-ujLiIx Idajl dal « a Vail Jjj (J jdxll ^ j3 Jx (J J l -— A lx . Aa Adll AdlxJl (Jdl^xll ^3 

jdj (Phospholipids) dlAjjdJll ojjixx Jim Aixjl j-x 6 Ccmc £-* tx>^ 
MWh s-ldl AAjI£ AmJ^. jl jjl ^13 tAjjxd^^dl (Jjjxll dim, j3jx Jx ^cmj . dlc-Ldlj 
(Kinetic Jalxd] t dal. \)n"l Li^.3 ^XJ ^ 33 ! Jj ^glill dij ^jx Jj£l jl Jj£ Ajj^)xj ^gic.1 

c-flL^uiil >>» a oJi^£ Jjc-lix di*ij .jljiiLxVl Adjx dalxxdj j Quenching) 

18 .(Jlix]l (_3_iAxx ^g-lc. £ b Vijj lg arjx'aj Aj^xJ^II A xki'aVl ^niTi A^^ldx dal, n, Lx 


^uViH f 1 jj Ajnjll AiUaJl 1.3.21 
Interfacial energy underlies self-assembly 

Jj MW jl n Axd ^ic- A ja ax C-a^ial Aarx^xll dalx xVall dalal,Vu*)l Jx jjL^ll 

t s= # 

dal^Lx£ Jx ^l^ (j j3 Lxdc. cc-lxll AA^jl^ll Aj nail dal^jjx ^j^xll ^£^1 ^ 5 ^" 

dalsUa l_i^,3^xj Aj nail dal ^ix^j^xll ^llLx’a c A >J a aj . (J jl^xll (Jx^,xj AaujI ^)]1 

^ Ami] 0.5 nm 2 Jl ja.) a j^jj^xll a^-Lax ^LLo Jc. J jxj .^ < 

Jx cJ^l is^J Y ~ 8/Cl -1 AdiUll ^ nail Jj Jill oj3 oAuj Jj^j 6(^.lx]l 
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^ ^xjLall 4-iAi adA _JJ j!ill b j2 Qj)l jJJ j £.Ia]I ~70 UiN /iTL 

<c. jUaII (Jl£doVI (Jaa 1 4 L^a-j^^Jl alidl L_lil^. d_LyL-aJ_^. jl (jldjd 

cdlld £a . (j-^all Jia ^ J^3I 4 Aliid j j d.iA ^ jdi jjIjj Ia Sdlc. ^^Aj ^L^yld-l] 

# > 

^jJjoiaII (_5^J ^-laJjall adlc-l 4 -l^.L^. J>ll j A^IJiIaII djI^Aj] ^Inn (jl £3 jJJ 

4- 1^. ^1 dlLll VuaiVI C^aJ ^ja t JjdxJj ^ jLoojVlj (Ja^JI dlljld C^l) dAll^^i! 

. aj^aaI^^II l " ^ \ jj-v \\ 

(ji \ xdljl £3 jIaII (_Ja 3 6(j^lj!ill (Jj^dj dj ll^)jjlj dl jd^. A-lil^Aj ^)A ^C.^)11 j 

Jl 

£_a^j ^^3 cJ^VI ^^Ac. ^^aoLoiVI ^l^jdJjaiVI s-l^)j ^ll^^JI (JjjIj3a]1 ^ Ac. (j^lj!i c Vq'i 

^dVnl 4_ilkldil dlg_^/l Ud^J^ c ” ^ {ft a 11 ^^jLiaII (Jl_^£ LaLaIi c^j^dA ^Aj-aJ^^. 

( J^laAIJ ^^-^-dallill -Laxdall ^Aaj t4_ildl_^AI ^jC LdajC tld^Aj .A_ildl^AI jiltil jLi^dVI 

5- LoiC. \ j\ar ^ (_£dll -l^AI <L-aJ^aAI L d^o'i <L-aJ^aAI e-Ldc- ^ja ^dldil 

djl 3 A li n n ' A_3^^2^ 4 \ l ^ i jj ^ ~v. i ^->1 Vi a ^3 J^.j ^ .^n. ^->1 ^*dl j . 4 \ k ^ i H 

^Aa-uAI ^^3 ^iiuj J-a J a j.i j ^Aaiall ^^*_da ^aII (_£djJ cR ^)Aa3 C d^'l 

^^jtjJa^A (jjijii A3Ua yAa A^I^aII <al£lill dl jj .d ^LdiAl A^Lajoj ^dii q^^uqI I 
A3Ua 47lR 2 A \\ aIaI^II 4^1_uia]I i_s^ ^)-iar j ^^.1/R 2 £a LjdjIVi L_buj\jjj 

d^j ; IdA ^ja .R ^-aA (jc. A 1^'uiu 6 Fc ~yd 2 47lR 2x 1/R“ C-H 

^dC. L_lj|^^_j J ^\} ^l-ljd^A^jjlj ^\at*n ^^Ja*A (Jj\^<q ^3 4 ^ (j^ 

S jjj^ ^ 


c^LiL. 




djlkfLall djLdlij ^\\"id‘i ca^lc.i Ajdjiiill ^jjjjiilll A3Ua ^gJj AildaVlj 


A3Ua c4_L-aJ (Jja od^.1 j o3^^.^a]I addatllAll dj^L-aJ^^Jl dild£j 

.A n-\uM ^IjjI ^Ja-uiA (J^dij c*’ mxi ^jdxAll ^ jd^A JaJ^jdj ^^3 lAdid dill] <LLaa (Jlxdjl 

<a±la jl ^^3 dllli^^JI ^ja ddC. ^jUaj ^adC- ^jC. Ixln 

(_ja (J^jaII ^^^.jd^A L_j^lajl lS^^. .a^Luia]! ^jjs ^dj^)A ^ij diliiLail ^ od^.1 j 

* S A 

a^jj^iuiil odA ^3 .(Jlatij^l ^ij <a±lail Ajdl_^.l 

•• 23 

L-I^-aII AA 1£j ^^g-ic- ^.jjJall la'xxn “flipcises” J 


A_lC.ldla-i-aVl dll jaJjJI (j^]j .^IaII <A^jI£ Si ^.LoiC. (J jJa ^-jd^Al ^-LaI] 

Ll^k (Jal (Jjjj!>Lui ^ja ^ixj^a L^° 6 U3^J C5^ djj-ullil oddxllA 

24 .uii£i] d= jt 'JiSl *U1 
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JjK* ijk (> 4.21 

Polymersomes from block copolymers in aqueous solution 

AjjLa (JjIL^a ^^9 A l‘*aSll AdLaj AdjldA Ajjaj] jj d2)L-ajj^. ^ u^i j^. 

d2/L-ajj^JI ^9 a jjdll ja da! jIuj s-ld <Al]jj Igdail jJ j 


AjAhiL 


4_aixAll (Alia s-Ijjo! djLiiajjjll ^.Lilj! jl jaIujI ^Ic. Jali^JI (JLaj . 1 g jJj dalAjjjJjill 

. La^a 1 jIac. Ll9Ij 4jldll i al.^'uJ jialjc-V ^Jajaillj A Ln‘a jaII (Alla j! t d2)Lxaajj^JI (JdE 

Ja-uj^j-o dal j 4dj!idA dal jaJjj LL^,V VujjjAaII AjjajIjjII d2)Lx-ajj^JI ^Ijjl (J-odajau 
aA LdaVI-J dal Al nil ^^Jjj^JI jjjll Ja-ujjJA ja l \x *d i <1a ^Jl j^»-j jj£I U-JJ 

• u^jc-' (^j^ 1 ujj^ tui* 

PS jn -poly ( isocyano-L-alanine-L-alanine ) JjaJI ls^ LgJ P - ^" . \nni' l 

. l-ijAa jjAj AjjLa -lajjd c -’~ ^Vl o jAiLia a Vaj AJjdll ^jIjj jajIjj jc. jSLia (JUl a jA 

* 

(jdWI ddu (Moieties) dal jLod (jjl^j AjI Cf d*-AJ (Semi-synthetic) L5 -i£jj t — - L ^ d <j| 
AimJI Iaa ^ja^A’i ^ lla.V jdaj Idl £a j .Aj^nlall dJ j^.ja]I L-alanine 

daljAjljj] 4-ajj^ll Vnlall dal qjaLi all jl LaA jjda jl ^a11 ja jdl t^jjA^ I jjII 

jj£la jV (JjAla dal.\n n all dal JAxja jl A qjq^ c > iu>i ^ ^i^.jV I ^^Ic. o Jj.Ka oA^d A^Jidi 
tdjjla (JJa ctillj £a .4*a*\ all A\ n^sjjll dll jaj! j2l jA jjj^j <C.IAa11 IaJjj jj£I 

4_iL-ajj2k ^1 j3 dilaakjl c( m =30 jl m = 20 j^il o^j) m = 10 Ak- j ^LJa 4 u>»a^ 

^Ic. diUajjd £a A^,lj jl ^^3 oJj^ja dal ^lA^jlAll daldoj dal^)dc. qa ^>la3 dalj S_jl g 'a a 

.(Chiral superhelices) a_JI Aijli c^) <sl-daVlj tjUdai J£d 

(jdjjljjj J^J-PEO A 1'aSll Adljj Ajn^sjj a£j IAia dal^Ajl^j ^Iax'u^iIj 

uAh) - PEO jtja^I AadJIj (1.3.21 JLill) PEO m -PBD n 

4^-iij^all aAi^.jj 1_i^.^1j3_jja AdlA^.j _ji^l da^l, ^ u^i P EO ^ -P EE ^ 

c. <aj^ 1.4.21 cJSx'Iill .A^. ^iIa A-ALa Jaj_^d c.“ a^"i "daLo ^»- ujIj 1-^] 

. dali j^)dlA Aju AaJ Adl_AjuaJ ^g-dal q*..^ f. Lad t La AiLdaj Ale. Idllla daLa a] jJJ 

t da^l, ^.LaII ^^3 t^^jlldA ^a2^j (jA (JJl^A 1 *.djl Ajl c^llSSj 

daLojI jaII ^fdj .(Dialysis) 4 Laxxil^j i qqd aII ^Jj)W a aJI^i] u^^-J 

dalAj^^jolllj l^djlLi (_j^aj dal^li£ a12b A L'ia ^I^ja c q il*M A_i]^VI A jaSII 

.^aJ jA\ (< _ 5 -1c* AajIs <j ^VIaII jjj Vail oAaA^. <L-ajj^. A a)o‘iL/ daldldAVI ^ jJAa j 
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AjjA _ jaJl JjAall j t Alt uJ^J fLlc- Aau LLA a 4.21 jLull 

CjIjaJjj Ac- ( Alili Ail j|j Axaj j jai]_jj]| AauI&VI £>>* Aluiluil LLA A /i; .^LuaJl 

t A jL>j j^jjjl!l jits ^i_j'| .{1 Lf A f Lai] AAjl&II aljlll AlLtut .sAjljla AjjjjA (jljji AjI J ASjluLa 


&A^a LljluL) ^*4 jj f Lie AALL AJj&jI AjjIII]| 4 ijii^l jAiSjjjl L^LajjA 


jl j j jiui 1 M L' w ' v '-' jLs: AiLLui i jS JjI^a iy» jj*jj (jl ALLail Jj]La- all (jiLu . (JjSj j 
^jlc- JjjjJI ^ jJja] ^jjjjall (jJ^j]| AlVJj f-Lic- (j^ajl -^A' ^LjLAI f f-Lt 

CT 5 ! n.a. JJ j tLiLaj jjjjLjj ^Jl LjLajJ_jjj] jwa rjljllj SAjaj AL^jja, AiLujLS (j^Lui 

aLa!) Ail j AijluajjaJlj Lila j j jjjlll aJlc- .(Non-aggregating) AjfaVi V Aalaji 
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Jj)W a CjIaj jj-aoljJl £-iua Cfi*! *1 kDa £y* j£i 4 ojj J ji ljIj Jjoa qa 

nil (jl\ Aalbdl AJjjaJI -lie- ^ jau .jj£| Jjxa Lr^ 

ljI j il nil ^jj A^uulb t jSSfl .4 £jLuj1a 1I J^luJL 4c- jaaI! ^ jjj-uJI 

Jbjj . q^°i! m diLajJj-ajJ A jJIAj Jaajj (JJ^ A£La-ui S\ Jjj c4uH£i| 

^111 Aolull 1j11\ d jS dJi^j ^ ill ^J) Jai£ L>^ J £}* J.JC j-a jIjAIujVI LusjS 

LjLuiJ 

o^. ^ a]I o^C-lall a J i tolijl a^lcl o^j^£Aa1I ^] I^LiIujI 

S-LaII ftjlSl! Aj-uii ■ *\ ) \ \ A g j u'till Aunill ^A j 4 £.La11 ^9 CIsIa^^^ajI^iI] 

ji a^jaJI J t> - 9Al fhyd.roph.mc ~ 33% ± 10% :2Jj 15I JWj 

Sjjl^l ^UlaYl 4 jUS f hydrophilic < 50% 4$u± ^ jiiljlall j±. ^JjkxaVI JS4JI 

4_IL^. ^3 U-J^ u' . l_LujLi1a ^jjc ^1] ^j \ j c-LaII 

yu ^ sxlljjaJ (jj^ u' (^Lrt (> “-X^jia fhydrophilic >45-50% 
■icljall oil* ClliiaLxa. L>akij ^ .4j_jlia 2 jjj£l<i ^ fhydrophilic < 20 — 25% 
Cryo- y y 1 dn* tcdll ^.Ix a ^>lc- . ^LalS \ ■ -»-> aJii di_ij>a21 cJ j '24joi]I c.Luu^] 

(j^> (^liJ^JI (jjjll jLpjl s-Ulc. Jildjl 200 nm-100 Ig-uAxi cJdh TEM 

5 tirrij d » 3nm (Jjj jilSl Jj.ia_a (_j.ia Aj-imlll AxicbU ; .21 nm J] rf ~ 8nm 

Clllj ^a Ai^xll £-a L^. jjJa j ^sljila lilAj t^l.4.21 *-all Aj^jlLa ' J 

S J ' -n ^ j3 ^^>a ^ j J-a.il ^-21 <J-uaC-Vl ^^laxj _liI2j . Ij^LaJl J-al^ll c-Luaxll 

• {MW ^-ij J)a»21 j j o2 j!^ d a L2 jl 11 A^Lajoil <*_Aj l a L2Jt_ll l 

MW jJjllj AaIkIoJI ^jAjLoI 1.4.21 

MW-dependent properties of polymersomes 

J) (Dextrans) jljiui^jJI (Encapsulants) cAili-aj Jalila.1 

<SL^. flX ^j-a dll ^ Xa ^_lx ^^JLall ^ a] oj jaA]! (^JjLuJI ^J1 d ^J jf 1 11 ^ 

— olxSl (Extrusion) (jlj dLuiij ij^a ~100 nm dLnia^.) dLajj^^jj 

^jjj .(i_j. 4.21 ~10 yitm 2J!iLac. lilliSj tdLajj_jiil 

^i-^\ a iib La£. olla J ^ 1 • i oa4 <jj^j£xa J-aljtj C—ulLaalj ^ Q ^ l a w qj a 1 a j J V 1 

SjjAllall J AjfiLaJl (Difflisivity) Ajjl2ajVl JjJ .jr.4.21 (J£2ill ^ 
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jLp^ £_a qC. A ^LuiiJI ‘Lc.jJa q\ ^Ic. 

Laj <L^Ia (Jjud!)Lui]! cj-3^ ^ Q ^ c ' 4 uaI ,j*^ 3^ ciaL-aaLiill u.J^ 4 cs - ^ j^-^* • 

£jC* A Wu.A (~ 2.S771N/77I) y A^.Lola]I <jj^)A C1 iLujLi 2 ^)g )V 1 . ciLLujJj] ^ 

o A 

g.1 JaJ^ 4_LxujI^J ^,‘n ill ^Jajoill JAaaI 4_kJa^)L*-a]l ^j! ^Jj ^j±uLlj 

e-Laii-ll A£Lajoi £a ^.^jiI^jaII ^I^JjoiVI jbjj . LaA.1^,j L_JJ.1a]|j ^ajI^II 

Aj.'ij jill A_ijai£^VI (33^ ^ ^ 10 VOltS y l! J-^ J (J^*J ^ 3^ U^ JJ 

_J4^ 1 g la d 1 g "i^Lcuaj ^)jr kst jl ^Jj ^JaLoUJ J^a_J ^))'^ } L&l -^ c ' 

‘cP'^ S JJJ^ 11 a ^ \\ \W ^JajoJI . 1 ^. Jjl^J 4 _ixJ .L-JjJxll j CA.m\ <jJa^)C. 

^Aj — ^^A-IaoC-VI ui’nll Jja Aj3l_jJaj Cl3lc.\ij (JL^jj ^ 

* 3Q 

CIiIaj^.^^ l-o l^pli 1 g *^1 j (Jj^la (j-o^ '^- Q o^)^2 

-^J jJI ^iJuc .1 J^Lk s-Loll (Permeation) lW*^ ch^ l£ .SjJu-a 

(3*^\) l-o tUaj^A Ljal 3 A. 'll 1 x>>q*s*TA (J^*-o * .\)nl <J joiC-Ij Aj^jILq c ^Jal 

A ^n>i 4 _La1uj ^^.Ic. Ul Cl: iIaj^^iI^ 4-lL^. ^^2 d^)5Lia]I djLujLiill £_a 

AjjoiC-VI (jl (jVi CIjLujI^jII ^j-o 1*UJ 3^ )^>j Lo .djlAmlll ^>0 

lAA ^2 .^C-jaa]! c. V'lg \ 1 g"i^x>i La-o (J 2 I j)\ jfilui^\ < \ I^IaLiaI ^2 

<jaiij Ci2 j3l ^ Aj-kic.1 ^ ^Laja!>U Lij£-o JjjiLau] jil! t^LiJuJ! 
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^ ja^JI JWlU <Lli JH£ ji i Jl£J) S jjxja lj! jaJ jj (j-4 lj^Lusj^ 2.4.21 

Vesicles from muliblock copolymers or bio-degradable blocks 

<_a!)Ljj1 <j 2 (j-Qj-ia ^ ^ Li^ll AJZk a£ju*Iia C1jI_^aJ^j o^c. ^jl 

*^-o^_a ^Ludill ^j *£ ajl >/tn ^2 Cljli^LlkV^ 6 ^-jL-o 

“Pluronic” ^Lij ^-ujU <2j^>x-o1I AjjL^III a. \&\\ ciAJx^u ^ a^J\ j 

^aJ J j ^JA Ijujji 4_iia-ujjll claljj 4 (PE0 5 — PP0 68 — PE0 5 ) 

1 g "i^Lajoj Ij Uxi'i ^^-^2^) 4_iio^ CIjI^ ^.Loll ^2 o^)j» ks~i CLy^h t(PPO) Aiau£jI 

0^1^ (j^»' , i .Ja^2 l2jLc.Luj oA*J I J jiLujI J d = 3 — 5 nm 

CIjLIi^Iau^V U t ill ^Jajai]| ^2 J ^LaII (^-flJXjJall PPO ^ Li a ti^ll A \\\\\ 

fhydrophillc Ij' ‘ -Lr^J^' 

A^I^aII A Ajqll JUa ^2 Cjj^l x-ojj^kll ^jj^aII (3^1-^^ 3 ^ ^La2l ^-O^ 
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f hydrophilic ^ 2jj£* ^ji.1 Aii£ UZk J ^Uaj .CjIjjjjII 

_^aj]^j 3 -0 s-LaII ^gJajai ^ 4_1 j£ 3 a c illjj ^A ^ (V 40%) dildnlllj ju'ti 

^<uljj 3 a c.La]I ^ c£>L^£>U (jjjLla ^jiill^j ((PDMS) 3^- uJ ^d-4 juJ JAia ^US) Jjj 
33 V'juaMI ^jjlaLIS dALj^lliA ^jl j^'Vn ((PMOXA) JjIia- 2) 

djl^ul ^ jx>-n Ajj-aLk jA < 333 ^ 3dd^ C5^ u?^y ^ jJI diLA]! 

3 I ^ic- (JjJ La-o t cil^jliuiA]l ^-A^ll 4_IL^. ^3 £_ujI j <_}-aid. 4^. ji j 4 4_iC.I_iLaj^aVI 
^ic. JHa (Jjl 3 ] . di3\ 3d^ LS - ^* I.li3 (JIaj V (dd - ^ ^31 d±iuj3l 

4 ^y^ULxji 3^d PEO 3 -0 1 aljJA ^ ^g-ujl A*S 4 dl3\ x-a 1j)Vl L^^JJjoLA ^Ail^J 

(JLaj^VI ^a^c. 3)- 0 dJ*^J is^ d^ 4d_$3^V^ Apg •> a\1 3 ^ £-° ‘Allj *^Laja^U 

•S d^A 

LjjII 4« aVaII 1 ^ 3 1j ‘ 1 a]I djl^ul^ll 4\h\l^j S j\j 3 3 ] 

L_buj_ill dill 4^3 Aa]| c1jI^a3^]I (_)a-ujj IIa^ .VuaL3I a_iaj 3^) -g -2 ^21 4 a A iVI ^iaIx-^ 1 
PPS (JA uj^j 03'^' UdWdd^es^d^ J] PPS > jj Aua. (PEO-PPS) 3^ <aj3L3I 

AjV^II A£3 1 j ‘1a]I dll jaJ Jill 3 ^ ^3 j^)*a]I 3)-° • dAj^All ^Kq^ll 1 M*\\ C‘ n*s 3)-° 4jJ^^c> 

36 Cj3L1a ^ u/ 1'1 3 jj]| Vj^a 3 -0 d^^ dill ((PLA)dAV Jjj -PEO) 3 ^ 
(Hydrolytic 3 ^LaII ^Kq‘31 4 -dajc. .ii£V J jJI 3 ^ &d^ 4ju&\ dill Igil j 

.» ? m 

jjajll dill jjalixll JU?-q £jJj cJ^ cs^* ^JiU Ajj^ald 4 biodegradation) 
<Lli di3L-ajj^. jLaJj 31 £aVLj <jl j^ju 4 4-ik. j 3 7 . (Controlled release) <j ^ Via II 
glUill j^ajj 4(Encapsulants) diUU a!1 Aj ^VaII jjjVII ^ JIajCLoj3U Ljjj^. J\V\1 

^ . dll .ivulll <1I_V A^jUIa / hydrophilic dijl£ 111 (Jx^Lj 3^^° 3^ C 5 ^j 

A^JuC'Sn j mjia ji jSiujVi j Sf tu^ii 5.21 

Stiffness and stability tuning of worms and membranes 

l^_j| 46^£l J Ja 3^° c3^“3a (JL^-g Jaj^jd c" ^"1 Aj^j^II dl3Ll^All ^3all 

AllLc. 38 . 3 ad]| diV dil^j-oJ^ll A_Jl^JI Aj^laill ^-A Ljj^)£j 3 ajj <L^)laj c_ nVu*n 
. 11 ! 3 I} 4 (Coverslip) (_>=^-a]l »1 Ac. ^ Aq'i dc. 

<Jad 3 -° 3 - u ^ LajI^ d^ Ud^J 3^*3 t> " ^"' | 3 IA 1 JI ^AaIi 

Jal-AiV <^ 3^11 d3Uvill 3 c. 3 Lda 3 4 Aj^nll 4 A^3La 1I dd 1 ^ *(1*5.2 1 (J^dllj 3 ^Ai\VI 
33 I 3 I 5 LaJ 3 dd^..^^ Ud*^ 6 P ^^La^ajJ jl dlljj cJd^ 3 L5^« 4 ®*^d 4 ^dd^ 3 L_likl]| 
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U^j a*jLa 1^113 All^. 3 ] jj\* j\ 3 ° dil £_ a 

V (Boundary condition) Lla. Ua aIL^oj 3^ jl 3* 3^3^ c3 O^JJ^ 

^»LaI ^jl (jl -ll3l (jl ^jJal ^11 3 s c j . CIjIjL^JjujV I 6 ^^2 A-^-iJal j ^2aJ 

A * 

^ .1 mN/m (j-G 3 3 jj 3 a 3^ -UJ lg_iE 3 tl)^ 5 ^ l-^- A-illc. 3^*^ 33^* 

.A^ajjLaIa LS^ Y LS^” (3^ 



al l 



“Luajjx* 4jj£LJt AjjjjjJI AileVI (i) .JjSJj lLi^j <llaij ^ ‘laJlc- 4 jJjJ tliiLiia 5.21 JLuJI 

+ ^ A 

(jl xujj *3^^ ^jxuaj AjJUJ! CjlC'j-ui]) •U^- 4 A£- j*jj iaui jIa .A£jLulL« jjC- ^jl JL j^j 

Actual* 0 J j-il JLulLq ufclp (t_i) .S jIj Alai jliS A^lajVI £-a 3^ jla fi A^£ ljU^Jj t*iVi 0 Jjill 

3® (jjL 14 £Aj-all (j-°) (J^-^l t"*iVi A^llluiVI ^jUj ^jlll fUaJVI A^j-ajJ Ja^f la^j 

. (Elsevier Science 


i.s*\W ^Injaull (JLkjlj e-Loll AA^)l£ll PBD A_!j£ ^2 -lajlj^)]l ^ajoij 

(Jx^ udEj 3^* ^.SJj^II <_£ 3 tJ^.1^ ^Jl a 6^-oL]I 3^3^ £yC- 

. Vin. iA^Ajllj 4 ^ ^ 1 , 1 Aj^aaI^J aIxaLuj 4 ^1 ~v ^\ l 4 t ^ I j! JU jjl 31 

J£2JI) aj j3a a£Aj!a± a d^£ (jl^jj j^Jaj Ia IJlc. .(Mesoscopic) j 
^2 aJj3l g.1 Wil *131 Sl^ill (J^.1^ S^aLII AJaLuUJ I1 a ^1j .(c_j.5.21 

A 

JaIIIE 4^Lui1a (JjIaJJ t(J^2.i J jAt/i ^jjlxJj Ia A 3-1^1 ^2 (3^*-^ EiAic. . (Jj\^ a\I 

UJ*^ ^1 *\h ^a^C. 2“^ ; 3..^"^ A J-iq*i (J JJ^4 J 


lillj AjJa j^)1a1I 


^jjLiIa *^ c ’ lP 3 ^ c. 5^ 4 a£jLol!a]I j AxjLaII ^jl^J^ll 

PEE ^4jola ^3^-° ^3^ E^)^Aa a qjq^k'i o^-aj ^111 'A^-l mxll ^JAJjoIA ^^jJ4A 

^ A^^i^-all CIjI^aj] ^3! 3-° lP 3 ^)^ (JjII PBD ^ajI^j 

(JI^a g.\,)aC.V PBD ^ajI^j ^\j u*In 1 x>ijl ;(JaI£11j ^3^ aEH AjjaC'^ 


802 




(JA AX- J U«Oa 11 A_ijaX.VI j a 1 L^. ^3 .S^Lui^JI j ^LdVI ^JjQ <jalij 

^Lua!)U jIIa (Percolation) cJI^j c^UjIaxg A_ujJp. <jl jjl dlj a£j1uLq cIjI^aJ jj 
A_ ll_i. .(~20%) PBD ^JaJ jJ \jUAii ojjiu-a A_il ja jjjoj£ A^X (^yliiA pj 'Af.l nl-\ W 
A_afLiALip ClaLijl^aj £a c > ^Jl £_jLa j)A tjLtjVI ^UJ Adi Vl^jl cilli (JIaj fc(jl.lpJI 
A-i2ic*VI <11^. .Ig-jjL (Transition point) Jl£ijVI A-kkj Xic. A^jjAAll jlApB Aa^a 

AjjaX-VI A_1 a LS^ (Jldill *»" iVl jljiiiujVI (jl (JXJ 4^^>l2klA]l Aj^JA^Ij^I 

. !a^. I Jj.Wa U.Ld Vj oJ'q'j" aLHII dlAmlll (jL I^LgI Iaa cA^UaIa!! 

All jl j^AJj t^jj3jjjl£JI ^ Ijl^jillujl cilnjoili]! AaIjII AS^LgaII d^l x^j j^JI d^Jal 
Aj£Iajo 1 (_£j]| Si j^ll S-LoX (jjAJJ (jl jj^J Ajj^)5Lia dU j]L (JdA A-ldll ’dlxlj A jaMI 
jA A_Jld Ajlj^}a dli j^Lia a^X IgldLaiA ^lill AjxadVl jl ( __ 5 -lc* 0jldll (Jd $~9 71771 
^^jLaoll cinJiill jx AaIx (_£jj Ax j Via II tilnjoall ^cjld ^ t(JsVI • ^JjJxll 

.Ijj| j Ax a-naII Ajjjlill ^dll (J^.1^ 

Vesicles in industry ^cliualt <i£luajjaJ) 6.21 

dlxl u*o\l j (J \a *vMI dl jdadluiA jjJ^I d~jl x.^j j^Jl jjiaj jl£ Iajj 

Aj\^^)a]I Cal jl nAVI jA dljd ^^^Jx £.ld ojdVI o^A ^3 £a AjjIj^II 

AIa^aII AJ,\)V^1I jl AIuUaII dlAjjjJLilll j)A j£ t-*‘ u\jM £A .A_1A J^^kll dl^Sl JaII J 

t ^jxMl j c^a^II ^llij^lj cAjtij^)A]l AaKMI Cilice, ojljJaA (JaI^ju 

jl A j* )>s-i ^a]I ClA qj^MI aJU. ^^3 .Aj_jj^)ja A_i11jl3 l3J^ CIj qA^)Jj t _jl I j 

j^*xg .^nuVI di4^.i (Novasomes) cIjIa jjlijil! ; Jja-n.MI dal j^Vu^a 

aaLIs 14 y o&j Js j ^^jll AajjSjjII (Niosomes) tliLa j jj..' 1 " 

JjiJSj ilaj jjl (jSaj 43 . (Emulsifications) aLaoJI ( ]y> Jja«J ^ ^jA\ 

(Vesicle A a! ■ l" \\ q\4 jjill ^3 djl 

. AaLjaIuiaI I encapsulators) 

4 i ja -4 jil jij Aa^Lial AJjbla AjjaiIjj JjdLa 7.21 

Additional polymer interactions and other hollow shells 

Ajjliil LiaJ oaj jl 4 AJ aaq /ja i ' \\ * a A . ^ j 

Y-ilila !ilc.lij c kVi Lajj Phosphatidylcholines <j^ j‘sK\nU.uja]l Jla AW .all 

Ac- j'w ^’1 - ~~ V\ , i oaJI lA'i .y c ^.liill ^Jajoi]1 ^)JjJ * _^3 ^11 o^Ljaadl A W . : M1 Jpj 
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Jl« ‘‘uJajx-a A la. i u IgJj t(SurfaCtants) JJjjll i_UljC. (j-» 

4_ijjjjl£ll ^jJjjll (j^aj^Vl (J-gI^C- jl AII^aII 41 (pH) AjJaj.G^ll Aak^p dllj A-iiA^ll 

(jjfLa V Ci tj^l j .4i£U c-Ij^^II ^Ac- Ui.^cl ^k Aujlv'Vu/il c 4 ^4_ij jjuVI j 

4_ijjjVi ^j_^-g (_£^ l. UaiLLg )a)a*N.Q ^3 4_llaXG 4 x>)ViVI o4^J 4_L-aJ^^AI 

4^^)1luia]| CjI^-gJjjII . (jjVquxixi (jj^iili-G 1 ^ag**^*^ (jdSLja-G (pH) AjJajx^ll A^,^).l] ^kl J 
clij jiLaJl ^jj jjtluj J jJt j (jJiljj JAA J jJl (j-o (Diblock) aJj£ 1I Ajjliill 

S^xHaII AjIJj^AI dl jA jJI _jl!iT 4-uiljJ ^JjVI A ~s t(PEE-PSSH) 

aJAII a£jiuu'1 cIiI^gJ jJI ^ jj^-aj (j£-cAI (j* U^j ^ ‘ (Poly electrolyte) 

(jl 4 ^cA_il±Ia A_ml jj$£ dl^ul^l AjIjLg £3lji] j)£-GJ ^Ag 3 .A-iSLjaVl £jI^)-g]Ij Ajj)^k AAI 

.Sdli. 4 ^i-aL-alil algil ^-Ix-a-G (j^j£j 

Ajsdal j ^)JC. Ajlx«aj^AI AjjaiC-Vi AluiLoill Ajj_^g dl^jjjlj 1, xJajI (Jl^)j Lg j 
(jl ^Jl (JjjJ^yLuAI (Jj-GJ t A jfoSlI A£^j1iiola]I dll ^xul^lll A_idi_9j-all _jl ^laV 1 (^3 . (jV 1 
cLjajI dl^ul ^Jl dl'i A*i . n ill ^JaAl jj^j S jiL ljl»3 Sd a-g j LdA ojj^»<a (jj^j 
o^)j\ ViaII ^jjI'SaII (Jat^jl L_UjJaja]l (JjaJj ^(_£^)^L (_^l (Jj-g^ 1 jla^s . \ IjjoiAJ^j I^^»a 

b clip. ^ d ~ MW b oj^3 (Fractal scaling) U 1 a j>Vi jjjIj ^gJaxj .diajdj 
d'Aa'dl .b = 1 Ad (J^juJI Adldadl dl^ul ^21 aJ A ^3 ^.b = 0.5 — 0.66 (_£jld 
(jjjli£ (Jin 21 (j-o AdL^a Aj'qA dal jXGjj ja 4_l«aV I dli 4 _Sj^ 1I 4jjlii]l dl^aJ jJI (_^4^.l 

L5 -lc.) PS (jjjjtd ^ jJI £-a <— Cl jl^ ><iiljj £u^il (Phenylquinoline) 

<a±la (j-G VcjJ <a±lall Aj^U. 1 ejl^-Lo £^lj3 ^Ja*J ^PS300“PPQ50 (J-^ j^-sadl! 

^3 ^LqjA^U S^uaII CIA-gjuJ! .c_jjAa 1I (j-o l_Luj^jjj LgAIc. ^4_LkldG AjjoiC. 1 jl AjjIjj 

Lud (_^ill (jJ ^-ll-^- (^3 AjC^JI 4_iJ j-Call AjjLiiJall (j^^)3j ^Uaill !a& 

j)jj£j 4 _ijI^-gIj aZ&\ ^gjUSlI ^-gJ^JI l4A t^c-l 6jjj-saJ .dl*_A^llllj (j-aLk L-J^LujIj 

^3 4dA^Ij <Jj)« ksi J j (j«G LS^” 6 cJSxrill 4_i±ijJa3 ACujL^. (_}jjj!>Luj (j-G <L-aJ^^JI 

AjjLoiC. ^-3_JJ ^Cc. Vi 6^-1 -aII AA^)l£ <1 ujL^. 4_L^Ja (Jj£ <1L^ ^3 4_x3 j!Lg (j^£j 

^LiiLoilj dVl^JI (£P^ J 

.^XgxII 


4juSjj (jlAj^j 2.21 cJSCill ^3 S43x-all 4_ildll ^3 JaAi^JI oI£L^-g (jj il^dl j 
JLgC. 1 (jd .Ifclk jCjJ ^3 ^glll <Jj)» X^allj C.“ uA Jjolg Aj^-gjI AJjoiC-I (J^lj Sljlli-G 
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f ^aJ9 £a 1.21 (J^ja]I ^9 AajJa^A A^^Ixaa djI^ul^J j>A 0 j|^o j)l AC-^jaJ AC. 3 L 
£* AjLoiJ CIj! 9 L.}*^ LjjA L^^la (Jj-a^jj <j! j)^AJ AaJ jLa AjJaJ^C. 

elj^ft'l ^ aJj£ 1 aa]! (j-ajill l>° 9 j 9 x!I o^j .2.21 (J£LJ! ^i (Snapshots) dilLaJ 

3 J 3 L j)C. 4 jlliA ciilij 4 La Ac. I ClajL^j^all j)A 33 A (Jj«a9 (Jxa. A juS^ill 

ijj-iaa jj^AJ * Y ^I.^aW 1.1a A q\“iA a ^xi9j (JS xx*n A99l jIa 3 JC. S-L2] AA^)l£ (Jj£ ^ n^i 

^ > f 

J^^lill LS^" AjjoiC-l (Ja.L 4__1C. jJjoJJ j)l ^Ic. ^gic. Aaj 19 (jl9j9 

Aj^uIjj (jl9j9 a Lai! ^ ja&j Ajjxj^s ^liLial ^jaSj .(Fluorocarbon) 

^9 . ^LaLH ^LaxI! £99j 3 ! ^aJ j)A Ig *Na)j 4 . 1 a! j (j! ^9 L\jx>iq *1 ^.aVn A_ia A^^Laa 

Aaj9j lg_i9^)la (_£.laj lie. Ccmc ^-Aji 4 j ’L‘ia'i d9j9 ^^9 A_al_a l*1La 4 3 ^-uAll ^jLijuj 

^g-uUJ^ll llxaS ^Aja jA !1 a 4j£lj . ^aVI < — ^ A^liaA C cmc L$ 

djl_l]| (JLaXIxjjL .2.21 (J^l A j\A11 4. £.1 ^)J 4. Vqj (_£l]! A-jjjall Clil^ul^l] 

19 j£j lljj c-^aII (Jja*n (jl jj^AJ 6 ^Ll! ^juakll ^9 ^jjd9\.Vu*) ^lil! 4— flllg'uxiVI j AJ j^aJl 

o^aL aIxujI^j ^uiaJI ^9 4_La_jl PEO— PLA (jA (J^lajjU ALl9 A.lx^j^a ( Ixj C iVq V i 

^9 4 _ ilA’i Ail j! (Jaa 4 _j_^UaA]l £9 ^aI! ^9 Ajj! j 9 Al^Aa. ^J^aj (Ja! cl )- 0 Aj 9 j9 

j)A (J*o\AMI J!1a A_m2! 4— al lnlaj]l ^9 ^lalll £ I jau 9^. ^^Ic- Lj.W a (jj^j 99 j . ^jjjI _j2dll 

Clalqj^MI 9j9*1Ij Ajjj^II ^^ajoi]| 

AjjjaJI i_ijUaj]lj X-4 Aijmfl 8.21 

Interfacing biological structures and functions 

3-5 nm ^liijU <ial£ «.Lic. f'l \f'jj; ^LaJil (_jja. tLo Ic. <la.lLi <^-nj ^ 

jl£l tjU^L JaVl ^ ^Ua 49 .Ual jla LUS! (d ~ 10 nm) PDMS -PMOXA ^Sc-t 

(^AJ^^-udll )oar • cJJJ. Jj2l (j^.g.x*n Aj^Ai]^!! A-iuic-VI ^-a^Ia ^ya 

(J ja. J 6 _jj» A-roll J^Xaih ^ jaJ jJI 4“ n /*n II ^-uj ( 4 -i) (JSx^ij Aj jaJ jJI 

CIjLuj j^iill ^a tjlx9 cJ^jaJ (3^*^ (jl Aa^IaII Aj jjill (Jllllii J 31 I] (j^AJ . ^ Lax]! j)JJ j^j 

Aj^ajI^aII a \j>^ij 3 ^JI (J^L ^1 (viral DNA) L^]l j)A aJja^II (Jaj (Jg **nj 

^L^9_! -la^jaiJ DNA LJ! (Jjj-ajj AjIaC. ^ alLS'u^l Ia^a j9ju 4^xiLa]L 51 .(1.6.2 1 (jSxtill j 

A J^s. x>lLll]| D 3 JAAS! 3^ajl x^lAll (JIaxIuj! (j^AJ 4 1 x^ljl ^JOlLxl! Jjh'lA j)A . _JJ3^1i]l 4 II 3 L]! 

I^_i9 JJjJ i _ 5 l5! A_ilk! .ill Ja jx x>i\l 4lj!3J9ij -li£Ll Aj jaJ jJ! 4^jj\ x^aJj^ll Axja ^aI! AjiL-®!]^ j 

.4 sIxa]! (333^^ (jiaA^J! 
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Jxaaj I !j .aUxJI fls- £4 fjlii jat JJ JjjaII AajJj^ AjjAlijjil ‘UjaiV! 6.21 JLuJI 
u& j.'k ^yJc tj jjaj AUl!) til jluu A Eaj^aJ |jj jjj£ a AcLuuu 

g jJj4 U£^ ( t— j’i ' .4_£>Lijj Ci jia 1 jaIj i diLaj J^ulU MjLai r :-. SAjLi S- 

(JSl jj]| “LuiljJ ,i_uJaiil AjJuj UjiLia JiU £ La\T H F Jj' - *- 4 ^ ^tajj JjAaJI 

tliLa jjjaJjJI jjjJj (ji tj-uiSfl Jjj 654 .PEO l ^' 4 juLa dilajjjAi} Jji 

cjLajjjjjii! jj aJj^j^l Aiajif! *-& tUjliali Jjli jjjjjil ja c- t jjl ^jlc- Jja *rj_j4j 

^ ilitajjjAiijji cryo-TEM ajj*a j* ^Lull diaj £jA»ll 4 ".4_i£5LuL?in 

t P t ASiLaC- dilaj jjaJjj (jxaJI ^JJ £)ljjj^aj}| ^IjjjjSja!I i^aja . ~100 tlTTl 

R jauu .(5 pm jiaLs) jjjLla (jriaa “Uautljj iV tA-iaxL <U& ^jjiLu 

a ) lx ail AlaJVI ^jAa t Js* LajSLil , Js C£La 3 jjzM ,_jjLui j' , V<^1 JJ* ,fl ja^ j»J Ajli ^Jl 
(6 £^>a]| (j^t) A-iaxL LAlij tliLaj ^5Lu! ulcLuJI ul jJuC- jjj*s Au Jalij 

. j»AS 1! <U£jj^V) AJaJjJI (j^> jjL 
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JimJI ^Iaj ^Ic. a£ j'u^aII CaI jaj] j 2I cs^* pg 'aC. AjAaj £_a 

(JAs j cLiAjjjl JajoA jjjjjj ^Jl PS 40 A-IiaLa I^jLaJ Uajj oj!)Lq^j dlljj _LaJj ca^lc.1 

J^) (.f hydrophilic ~ 50%) MW = 40 kDa J*> UJJ (#5 *UI J 

jl ^jLlx-a ^Ic. — CIlAj^a (JSIjaII ,2j i ^Jj\*ya 11 ^ .(c-j.6.21 

^3 j AaLxJI aj5L21 (Ja£j ctdli £a . (Jjlal PS (J ja!Aja cii]j i. > iDVn .23 t ClAA x^-ij j^. 

jjI'NaII B ^aJ jjVl A VTa A IgAS jja J ^Ajj^l 0 JJxAa Ca^IAa ^gic. 

■ \rnn j2l AjAajj jx>21 laj^jaII .A\x x>ija AjjJaA aLaIuj ^ Aj jI*aa <1 j^ J 

jjl^Ml (Jiu-ujj ^^21 dl^lc-lidl! ja jjj ja j!Ac.lij IaA CaIajjjJJj]| aIsjaIjJ 

^JxSj 1 ^ 4 LiAJ^jl 1 ^ ^ 2* Q * J t ^''n i ^ .1 1 ii's.'n 4 j*i 4 ^\*v Lk^jl j^aJ 

A n>g 11 AjjjlaJI J jjaII CaL^. j* J 10i (gylcocalyx) jSj'c. <ja (jjj^. c.Lac* 

.&A& IjjAi. 

j3^ .U3 jl I.2& J 1 x>ijl ClllAjjjAj] j2l L$-^p 2. \) 3**1 Jj£l (J jJ^. -LajuJJ ^ 

0 jtij Jl jtij^J Ajja 2I a jj 2I ^ 53 ~100 nm Jjlaj PEO-PEE CaIajjjaJjj 

(Stealth liposomes) a2XajVI CaIajjjjjII AialjASI tiliil 1^ <$j12a (£.6.21 

"AaaaL" lAA-k ^3 A x \"ua ^gVnj Ac.Luj 20 1 5 (Ja l_j jlij Ia jjJj ^^21 

tAjjl j! 1 a (jlilkl l_j jjjl) CjLaIjj Ca. 2 c.Luj ^.(JL^Jall j ^£11 (Phagocytic) 

<(£. 4.21 ^3 4^,^jAa 1I a^jx^ll j l£UJ! ^)a A 2 Lk Aj^aJ Iaj^L ^3 A_4jjoia Ajlt^v\ 

^£1 jjj l‘* n^k CIjIa A g j u'li'l d^^jaII a1\ A_ ill i jc. c. <^S\1 ^3 
^)3 jJ . Ajl^ll jL-adll L-aIIia '1 AjI^J ^^3 Ja-ujjlij ^.LaC. ^ 3 -^ Ia£I jj 

^ e.\Jh£- JIa Ia ^aJ ^ja d^jj^JjaII a^-1 Vljt3 l^iklj PEO aLuj^)3 

% 

£^)Jaj_j A_lla]l CjlAj^j^Al]^]! Aj Ia ^Ic. a-jjJall ^jllllll aiS J ll£ j)S j 1c. 

?D^JJl2k CIjVI-^a ^ja \iaJJJ 131 a .JjLaJI 


Summary 


9.21 


Jl^.1 j L_fl^A l^IIaA cAj^aj] ^21 ^_ia^a1I A x>)Vil ^^3 _jj)^>*^l j L-fll x^iS'uj.iVl ^a 

J ^£- A j»j ;)->'! A j\*sll A a 3A2 ^gajl £-*a j2! 

^ja al£L^A AjIaIa (J^aj AjI t JH2I c J L — 3 ^A J • ^ 

( (jjj j^>21 JaI£j i l&-°) Aj nS jj AjjajI jj u^l, j^. aIxujI jj Ajja^JI AaJuC-V^ CaI jjjaa 
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I** Uj.nl Ajjj*vll A-idc-Vl (jl Idajl ^jJal J j)A . ^Alal jjqI I 6(_£j^ill c. QjIjm t^-Lod^l 

Ajal£ ciiLJl c. \\k'\ I^jV c£155£ uj^ (jl JJ ^15^5 V Ig 'i^>l j . jjjl j5ll V j a_J5a1 

A £J-ujjj1]j .^jV^W o^jli ^ajg,q^\l (Jj«J . a£^) Via A jVaIjjJ <11^. ^Jc. Jala'S \1 

. A L*all Clalj5j Cljl^±mUI Aa-ISj (_£511 ^_jJjAil ‘•JUll! ^A A^^Lda CIjI^ajI^j 

tlg*n'c.lijj cAj^aJ ^21 AjTVn'l j ; Jj^JI Igjjj t>> ‘ U -0 2 jaII ^ j±i z jda 

oI£L^-a] 1 L-flJl^J Ajjjlj LS^ j!511 Ali^J Aj^>a2 AjjIIa] (j^AJ Ig-C- 

■ o^))^ C^UHaI J jj J AjjjtJI 


Questions 


4lU 


1 mL &Ja3 A Vq^k a A-ia-ujI (jjjail^ll .1^1 ^3 (j5Vj . s-IaII j)A (JaIj — 1 

0.5 mL l5jaa ^1511 (_J£3 I J ^IjjL^a jk Jail (jiajjal) Jld i *-yj l>° 

• du^l Cy* 

JIa^I c-ijai^.1 c y = 40 mN/m s-L> — duj jjjj a jS 

LaA IaS ^jJALlall] A_mJI A^Jajaill AsUall 

C^jAxsUaill .1^1 ^)jx n l o^C-Loia Vl_i3l£ l55j ol\)3aC.i 151 ^aliaj (_)£] 151 a — L_J 

.£■ Jul . JJ*JJ V jd^lj 

cH-O-H C-Laj j) .-> x; A jl J Jl Jkj jjjjJjjdA jA Clujl J J] ^ _ ^ 

o^^Jl diljjj£]Vl ^ J_) (j- 0 clh^ Aj^Jjaj V Clinic. lij ^^9 Ajaiij £a o Jj Jc.lijj 
jl <jl cJj^ 6 Aa^\ja11 oLiaII C-jUailiuj^l Aj^^aII dal, n > j (jj“>**iOU 

.y jI.^a'I ^JjjLjjI 


j)C. A Whua Ajj^j£ AL-aJ^^J tF c c^jjJ^iill jl g-lW'aVl AiUa ^Jl-AaJ ^jl £)±p ^51 — 2 

jA 47iR 2 J ^jJal jll ^ja ^ .Fc ~ yd 2 47iR 2 xl/R 2 L)^ R ji^a 

^gjuJa^All ^jj^iill AaUa ^A Fc ~ yd 2 xl/R^ L-J^jdall (J-L-aL^.^ cAlx-aJ^^Jl A^LuiA 
151 Ia ql .d c^LaJtJl a£Iajoij ( 1/R) c>“j^5]l (3^*^ j ^a ^Illl 

^jjjL 5 aj k B T(~4xlO’ 21 J) A-Jj 15 a Jl ^.^>a 11 ^l5^J cLxjJa^A ^ Wn t\Jli£. jl£ 

. ^jjl Jajoill ^)A c-LioiC" ^ Wl tyd 2 cAsUall 
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eLuixllj d = 4 nm a2£La_uj yd 2 3 4 /kgT 4-iuoSI u^l — 1 

Ia£ y = 25 mN/m ‘d = 20 nm t^L^SO 

• MW (jc. <lijjaLA t CIjLq <1L^. 

? 4_lj jl l ** ^ ^ ^aLi! ^A ^^jLoiC. ^aUaj ^1 — L_J 


La^ac. 4_xJajVI iS^ Jjuj^^Ludll dal \X<\W L-Ujaij - ■ 3 

4a3-ViVI 4_II_^. ^9 t Jllalt (JjAau (J^la 

^ ^Ljajj .d MW°' 5 6 7 8 (ji -1^-j cA-idc-^U 4 -Jj^aII A^^1iu1a]I Aj^aj] 

1 4_iLad £_La9 i^a A \x.to“ia aJIjIaI 4-*_La3 ^ic- ^ c^ISaI kmilVi 

^Li^llj £_La3 <^a N ^sjuj^) . (Jdldll UJ^fJ jdc. 4CH1 

tL C^LuIa!] Ja-uJjilAl] CS^~ (jl jl S^A 100 

% 

J4a. *3 -L = ai+a 2 +...+a N t. 'n^.i a ; Aaiallj i AjJai J£ (jc. jjc. .jjlil^jll 
(jlj i ( _ s Jo2AjJ Jj-la. (j^ l$j Ja^ 3JJ Laj <ai*a 2 > (jl JLmjjoAj <L*L> 

.<ai*ai> = <a 2 *a 2 > = a 2 (j\ i<j^Ls jA a^sIi Aa. JS i—ij^ 
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4«y-j pJI CjlSpbASI 

«*v«* ♦♦ **V# V 


Biomolecular Motors 

/*\ # t 

' jic. bulij^l jjjlij CjJjAUI LJjSlii 

• LfjjjijIlS ( j mIa j| (_pi jJ LujjiJlS AjLala* tAjjjaJI A, ■ ■■ II ^ui2 


Introduction 


i-ji- 1.22 


AjSjjISaaII Ailiall a' ^cjjj 1 "'' V' JJ! ^ ^'1 

. Jjal JJ Ls lc. Lo-lit- l ^p_all dlljjj j_)ll] (jS-aJ . Ajxiliall l g jjl Ui j tbV iSj$j* j ^ j 

^jl“n^Il£ c4_A^_jJa dlljl La-a i— flVI ^ JiVn <_£ jib jJjJ (jl 

JJjJ laJjila l x>ijl lg_jl£-aLj .4 J* n)-dl tg_ilalj-a ^3 (jl cAIi^IIj 

cLa 4 j\^k ^^3 4 q\"rN X) Jalib (jjj (Jibll ^»lg-a £-I^V S-li ^. j jpa (Jjj-ijjS) jll 4_jjj^a (j<a 

<_£jjjjJall <_£ jd^JI 3 jfjjll .111 jil jl tAjJaC-VI JJC> ClAijjVI (Jlbl jl 

A-ii^JI L-fijUajl AjjojLujIj AjjjjjJa 4_ibj^JI AjjJ^yII ClA£j^-all .(_£j^.l Ajjlk CliUaLulj 


jjc. jLfrnVI (jjfL La^ic. Ajjjjjjali ciAjjja*Jlj (J-i]l*v,all Alali ilgjLi^. CjIjjjjujj 
l^jlaluj ^jl JJJ (_£ j3 £ jjoU ^JJJ Li-ajA ^ j-a5l ^jA*nj c-lij 4_ia* jljdJI 4-alajVI Sj33 (jj 

• Igjoiflj ClAjjSxtll (j-a jj£ L_jjl j-a o3c. (jJJ 


^ Aa ^ (jli cjjjiudll qixXj* Xia Ajt-iiLall ^3 S3j2k j-a A^j^-all ClAjjjjj^ll (j! £-a j 

(J-a*j (jl Ac. jiLa A^j^-a ClAjjjjjj] (j£-aJ .fij^^l 3jii*JI ^^3 ia^S ol_Lai*j 1 g *^C. 43jxj La 


^ Jacob Schmidt and Carlo Montemagno, Department of Bioengineering, 
University of California at Los Angeles, CA. 
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(jjj S^j^aII ciA£j^a11 jjjLLg ^ j ! jjj . J j] jl ia djl ^jl_imj jl ciA£j^-a (JIa 

l Clilc. juil! j>A jjj^ (JL^-g (Jaju (jl dsl£ j^-a11 o j^Aj j 4 CjI jIa jjlill CjIIa j (j* ia*s 


160 Mra/s j 0.06 j£ jIjjj ax-j^aj a ^ c. jail (Myosin) jjjj^l ^1 jjl j^xj 

<Ljjj 3 1 g ix i S^lifLll Aullc. ^ixiL-aj A_pjj^Jl 1 ^jI£j^-a 1 Ax-nJali Clij j£ C(Jxallj 

dul£ toJjjill L^ijUajj Lgjlc.jujj L^aI ~n ~\L/ A > j 'ij .A_1£J.1 j jjc.j ^ > a.’Uj ^ (100% j-G 

jA Aj^xJI ^LaIaI ^ jjJa ja ■ jll ^(J j^Jl (J jJjoia .lie. A^j^aII CllLliJ jj^ll CllLill^ 4 q }Joj 
Ixjjuj LiSjlxA llljj jl ^JJjIaII j-G j . A*j.w'l A-i^jIjiSMl j A_ia1*J1 CIiL^jVI 
ill (JaI£ (JjoiluJj J.W'n AUxIIaII (J J^Vl lj)g >11^5 (J JXAijll ^ajpj'vll ^JJ-udA 




£_lA^J j^AJj 40 JjoLxg 0 Jjlj£ CliLlA^J A£j^a 11 CllliijjjJl ^Liil Aj'aC. jl 

^laXA (Jx'Vj LaA 4(_£JJJJ (Jf^ 3 jl jl J^l 4_Jj^jl jjjjjill JaLaJ ^gic. AjujA^_a 11 sj^VI 

jl Ig'^lc. juj jl I^LaIIa AJjLLg j^AJ V . AjjL-ajal j A ^Saa $ j^vi ^ij^* 

jl (MEMS) Ajjj^jaII Aj^ajI^ia jj^UI a aIViVI o j^^lj 1 g »JU^'l L_iJI_uj 1 jl J 

L_ul j^. jlaxj ^ 1 x>ijl oJj.Wa 1 g jSlj . A-j.^VqMl (NEMS) AjjjUll A jS jlS-iA jj^ll 

jA (JjJa^Vl Lajj .13 J^J J-^l J (X3jl MEMS 11 A^Jajl (Jarvj Laa u^iMl j (Jjiuaall 

oj^^.1 lAjjjJaC. jjc. (jjklj A_i^.j]jij CIAjjSaI A \)>gll CjIjjS jill jc. jj-Gllxll jjlA 

^llxll £a JujLia (JL-ajl J jalLoH ■ ^ j W . ^ \ci. l_j A_LajaiJ j i -^1 \c~- CjI j 

.A_La j)A 1 ^_j ^Sv^ll j£-Gjj C(Jjj£La11 


^ o jjjjLia JaIxuII ^ic. (J jliVi (_^1 o jjiaII L-Jjl,V^l jiaxj 1 jkjA dilaC-l ^al 
A n>A CjV 1 I (J^*uxia' 1 jc. A_^-a 1 S^jilo Ajjj^. A_ijjj^. 

(Jij-all jA Jj>ll j^-oJ » 1 £ *^a oA^Ij A_i^, A jl j^-<^ c Aj jjJaC-V/ AjjjJaC. 

.Ailijllj <_iiall ^ CIjIjjJ *>" vWj jl A aJo^VI j^J^ ^ A_LgxILoia11 c.*' jj^Ml j 
1 g »juAi CIjIjjj^j cSjlli^-A Ajji^. C!jI^ j"\a\ Ajqjlnjll j-ajL-a^Jl (Jj^aall l^A jjialjj 
djlnxi.i V'lll jiaxJj tA»'u/iA oj^-^.1 ^3 1^1 LI£-gj aUxIIaII oj^kVl (JLgC-VI j 
Jjj^Ij . CjI£j*\a" oJuAa CjlaiiLu jj'qVi IjJjl lil O^A ^ic. L_L2kJ ^ill 

. (J^* h*ia\1 (JL^-aII 1 ^A A,\a*\j ^3 La jLuij djLi^lill j $ AjUu.aII jlll jia jxj 'i 
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CAS MEMS 4_«IajSf) 2.22 


Of MEMS and biomolecular motors 

MEMS 11 ^jc- (JjAj ^^a diliiaj^ll j^i.Va ^>laj qa 

Jjfll j-oll ciiE djIjJl djldaJ kSl\ (J 0^)J» X.s-i\\ l^jLuiULa ^ 1 Uxij A_llL^Jl 
^IdVI aJ tA_illxll j tAJlxJI j t^Adl^-oll MEMS — M Sj*-V 

^aJ-aj-alill ^ Aij^a j L_fljlJaj tAda-A o^^a .1 ^^9 Ajjja. dAjj^-a 0 -aJ Adl^-aj ^)9jj » ^.-aSl! 
diliilj^Jl djls.li£ j daLoilLa ^j 21 t. t^U.SSj . A*W ill AjjdaC.l>lll a^_a.Vl ^Ic. A9 jid 

ajj^jII A nj.Vig.'l (J^-ujjj . ci ili L_fl!>Lkj j^jqVill aLI£ ^c. $.1 j 1 djlilii^ A^^a-all 

^_ij ^lA^j A£^)^-a] 1 dildjj^ll ^j-o <. flj-all 11 a .lie. AiiUall Ax jVdll dll illa'i^all J 

diLilVl J Vj 1^11 jjl£d V l^jll la. a£^^-a 11 dillijj^JI J cj^- C5^ ^l^ia.1 J 

.Ldajj Ljll fcdVial Jil L <ijll£j ^IdjH jjI£jj 1 g ^i^'i ^A lg» u«o*i ^Illl AjjdaJl 

Slix-oll S^_a.Vl ^ 1 g gjlan j AjjdaJl djUj^ail (jjdlll L_lijaijjll (JIaj Jl^3 La t^j^l j 
^Xj 1 u x^a o^g_a.Vl al£J ^S«\M1 j ^^jlaJl £-a (Jj-a^ll cc*lli ^11 AildaVl^ .Aldax-a 
Alla. ^9 ol ^a. l“u*nl dAA L-kxdall ^jial^a . o.vi« a Ajjda. dll^j^JjaiJ uu c 3^ ill JiS 

l_i9l jd jjJ j il ^-all ^^Ic. is^ aIjI^JI L-j'jlVill j diLo^i*_All ^ic. dd*j ^lill cMEMS 11 

^Loi 9V1 ^9 JaliLill olA ^jjd9Lij L_fljjai . Ad I lx- Id-all o^jlaxll dl^L^^-all cdL-ail 

.aJUII 

S* liillj 1.2.22 

Size, materials, geometry, and efficiency 

i j^ V i I J 4r-l u ^>\ oil J' J ^ 4 /i i j-x II ;'J<j^ j /jl 

(jS^iJ ^ill Aij jxaII 4<jV,^I _^]l j» t ^it jjjj Lg_jJ .L^jLioilLa CjIjIjjC.1 4 -.jVi 4j^jlj]| 

jj-iac. ^ 12 nm FpATPase jl j-JI ii3ja-aJI jiak t JliLall LS i*i .Igj ^£aJj]l 

^ jc. tAjjliill S j4i 130 jjij 2 ^ jjju jljj^ll is \c. jjla 3 nm (rotor) jlj-i 

• •J’^ MEMS ^jj V j 3 .100% ( j * o^-li^ 40 pN.nm t> jSk jl jjJ 

L_al t>si\\ Li9l^)C. jilll dlldij (JLa*dajlj Aj.MKlH MEMS 11 0 ^d-aJ 

(Resist) AjuLa-o ojLa 6^)ljd-a Ajjda-a ^laldo ^)dLj ^Ull cdl^L-a^All 


Aoii >aJI 


Aj a^aJ) 
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4 CJLyL«a jaI! 1 sL-ajlj 4 j 4 j^lx-oll^ Ajjja^ioV jIja 1 UnjJ j^AJ .^Jajai 

A_ijjjj£JVI CjIajoiSI CIjLujILo j-a3\jj £a .oJ^tlLo ClAjiVi (JL&*JjuAj 1 g 2 ija n jl .IiauI^VI j 


Aa3 


cAju&\ JIa*^L 4MEMS 


£.) u ^ 


A. iIaC . W'u^.1 4(_£jjLill jjjLaLoSI 


4lg3.W jl jl jaSI Asi-jJalj 4 (Jj.WiSI jjl jla 4. iU-i*n L_fljjai .AxjIHaSI ^^3 Ajjx_x-a 4lg_uiaj "(Jiuil 

^g_nll ^ u«o ji_AjJa] o.2j| jlA A3 Jj AaI Jx-a JJ^I CIAj^Iaja c- i>Sri AjjjjxJaSI 

^ AAjiiill Lai jC. julll ^3 <L-alHAll AjjLijuiaII Ax_nlall C > 1 Uti_i 4t£lL£ . 4_J jILa jA La£ 

■S jj.w a MEMS SI S jg-^.V 4 iSaaSI A,*j.).Vig 11 jla 4 jiaj*lill 


lg_^.Ljl aLsj Ajjj l5-^j t(_£jLojjL jjjIIa djljjjjjJl 4 (Jj11a 1I ^a 

^lo AxjLII Ajjl^JI CjL j^aSIj dj\_L£j jjJI jjj£j jxAYqj .AaIc. Ajjj^. ^ju^*i Clil jjj 7 iudj 

jjljLA jl 4 dlL jjl £_a JaLjjVI ^gio djjlall 4 ClllLj^JI jiaxJj IjuaI 1 x-oa^. 20 

j^A i j^lj 4 ^ jja )1 jj AjIj cIjUjj jjLS Ail^VI A ) nil jl £aj .AjjjJaO-V ^Ija jl 

jjjjjJl (_£ jJ^aSI (J£joJI .Ac. jIIa jLjuVI Ajj!>L JSul\ ^ ^,iVn jl d_sl jaaJjJI 

L_llc.l ^ 4 till i Jl AiljJa] . Aj jjq ViSl AlliC. jj j Aliilla j nl.-N ^1 AjS^ISja'I Aj^ijI >/iY 
^a \jj| i £_a^jj AbliiA ajjj j^. ajc. j3 djl^. j jA aIaIIII djliijjjJI jj£jj jLia.Vl 
Aori.ViA ^glo AJa^JI AimJI A_nj l^jJajij ^l!l J jj£]I j-o jL^SI Aa1*I1a 4(Jj\*\a 


JJ^ULaJ MEMS SI 6 j^-^-l ©Jj^JaII A_liJa-ui]l (Jj^l ^LjJ 4 ( > 3-^ C ' Sj^lc. 

jj^l jl (J j jSjaII jjjliLJI Ale. ClaVVI V iI^jIauIIa j-asllj ^-q u*n 

Jlc) ^Jjj^IaII j^UaII ^3 I^jLuj a1a^_a j^AJ jl .Ajjj£La]| l^jljliil] AjLola 

Ja*j 4t!Ui .NEMS — SI j MEMS — SI ^1^1 ^gic. j^u*n jl ^AjjxjaSIj ciSIS'WVI 

A ~njYi !o^.I J ojj jl^3 jj^ A^Sc. dilc.jjoijj dal jj^ll jjx^Lal AilLxij Ajjj^SI CIjI^j^aSI 

* 

<iajoU dllc-^jJa c-o djl£^)^-a]l -Ijill V t^aL<uA^U ft^JuLali ^wajl 

. ^2 (JLaxIluL>U 1^. a^C-lj A ^ -'''' j ^ Ljajl (Jj iL—boi^i 


Energy 


Xk Uall jjLaa 2 . 2.22 


. C- IL1I l^J ' ' /j\. 4 ,^U v . Q~' ^ \ | j ^ 1 /i ~~i \ ^ 1 . l ■ Q ~' ^ j * > ^ t Qj^N ' 

SJUall ,j^i ' $jl jllalla ^ JaJl CjUjISII Clial£ tAc- jii.'l AjjJajS/1 dllllJI 1—UjaiJj 

Aj s A_llij jy. A^aiajlj dlliijj^j lillj A 41^1111 A a-uj . ojliiuil l ^ lajai ^ jy o^liluLiU 

(Electro- ■ >»! "’ill j ij’ij. >.11 JK Saj 1 (jjj Ail U L.'jj^"' ojAli 

ij ±a AiUall jAL^o J Ajj^>^ll q\ ■ Aj^Ajl £. -Lull j S.iM.i^.i< 11 j Aaj jj!i£lVI J 4QSmOtic) 
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4 Vn-all AiUall Jl£dl 4 jIj^Jg j A ^i.ViA J-d Eg l-lllc. 21 6 Jg Jl p\A>.si\ 4_x-ald 

LaIij jl 4_iJjjJa AiUaJ A^jVi-all S^J^I Jdu (JdaflVl ^j-o c^IIiaS .^I^JjolaII jl 

djU jS-all (JLgjCIujI (JILgj . Aillallj S^i^j ^Jc. ^‘J^Sl S J}^-J2I J-lila 

o^lc-l o_jj£Aa]| AiUall ^ 121 ^ -o o^_J2l (j-Q 

Jj>j*y\ 1 4 -alViV I ^9 SdiLo s^laa <j-saLk ^A AiUnll ^Jc. &2 a (j] 

(JLosdjuAj LilL^. Ig'n^aM ^J-gj <jll J^du AjjjJaC-^Ul MEMS SI dAj jS-cm 4jJLg 

, Wqa 4 s\\ ' jXl l AiUall 

I^jLjU^jSIj ljI-IslaJI j-liuaj 3.2.22 

Manufacturing equipment and economics 

t^yjill 4_]riAlj _J4C. \j u*n ^A <jjjj_JI £_lL-aLi] J_jj^jjJall dll^x-oll a 
£ \>. s-x\ <Lo_JUI 6 a\\ S^_J2I d±il£ Lolj . ^yA^ll ^9 ^jLilkV I a! jU=> ^Jc- S & * ^ j 

^Jc- 4_1 xuLujVI 4_A£-a]l ^)£jj Cfi.l^.lj 4jk (Jdl J Si jl\^ (_£j4-oJj qA _aLg dll 2 dllidj^l 

s % 

Jl IJiij . dll Jn-aSl &2 a £ IjVuJ Jc. J (jdj_JI clal a\\x"\ 4jdSl o2a c-liaC.] 

(Bacterial 4 _lqjj^>^. ^iixj 4-oiiil (JLa*I 1 ujIj ^ ju.ro -all ^jiij^JI ^j-a Sj^j^II 4j-aSll 
S-^jl! 4il£j jj cl)' t(li^V Sjjj 4 joJI & 2 a L_L^a jJ expression systems) 

^lUjVI <>. aUo'n l jjx-o^ di9j ^»Jj cdl!2£j .AjIslII 4_Liida Ajjj^JI 4_ila^yJI C1 jI£^)^-a1I 

SjLJI J2i ^ja l^d IjjJj 4_*jjl Fi-ATPase ^l) -0 IJJ 3.5 jl.vi<al ^Jax-oSI 

lllaj lijj 20 g Jlj^. Sjjj^jolll 6 2 a Jli LiJj-d . L_Jjl_j]l J (JLajCLaLyll 4_i-ajJ^J| 

jii£l J) l£ 1.5xl0 16 Jl ja. J tjjj j Jl 10 mg-6 mg Jaxj L^o tUvldJI ^j-o 

^-o£j| ^-IdVI J] S^)J^)Jjal]| L)^ - ^ «^!4-C.l-u2l ^-3 Ic. j\t.SlA IO 14 

^-0 Al^-oll A -*\\ 1 4— Lo_llll l-»Q^ l ^ ^ \ l<->**^ \ | ^ i 1 ihni 4j^_ull 

Cll! Jla S j J juj ^ (JLoxilujlj 4 Aj^ij dj^Lj.^at^l LgX.I_iJadl c4 t/n >-o*s-o dlllilj^J 

J^.j <1 Jl (j-o ^ j^ail S Jj l^ldj c (Site-directed mutagenesis) £3 JL J^o 

.4jJI 


jJlSI ^ja 4-Jld 4q jh 1 lijc. MEMS SI claljj ^ \\]^i'\\ i (JjlLoll J 

Jl£ cJ^dd S^_^.VI a u/i'i UIJIj da J-sa-oj c^LuLd-oj tS.V^.-o 4_ial ^c. jJ S J^.^.1 


4_i^,lliVI AsUall . djJV^Jl (JJJ^Lg ^j-o dlldo S^C. Jj 1 g'aqK J-aj 4^la^j ^Jc- 
JL*-a 1I ^jc. l^)d^-o (Intel) Jl 4^^)d dillc-l 4^liLo3 .4j^)lLollj S Jj.w-q S^_^.VI 


817 



IV 4j^)Xja 3 4_aJtxA 1 g *J <Q > Clul£ 44 a l_iL*_a1I 

^.I^joij . 2.8xl0 15 ji ^JjJa 28 l^_Lo jiVj lS^ 


Jj^ajj (jl (_£ j4a. j > n^kx>' tLjjat L^JIxa ^1 1 j jliic-l 

ciA-pLVial (J»,-nj Lo I^Aj jj^nal C y*j ^ jV 1 g“iaK sLooa ^ \ 

. ILa. 4 jI*1] juVi'I 


Conclusions 


4.2.22 


4 V I 4 \ ^ 1 4_C« ^4*-^aI 1 4j^jl_ill -n-^ I \ \jjj . Vo\ 

. jL-ajaV I ^ aillj A^Uallj jI^aIIj (^ULaI! ^a 0 . 13 . 1 c. 4_1 a1^4a ciAjjIjj Ajj^Lia]! 

<j! L$ (J4^» L5^ 4 4_i^.^]j ; n]l CIAjj^aII (JIaxJjujI .‘h V (jl Clll ajjAMl (jsix }\ ^J^aJ 

^A~\A J1C. ^llijj <AiajVl 0^)^A £CA.l] cj^ - ^ .MEMS 11 .\i V 

4 f\) *il V.a <Alaj^U 4 j»jh Vill S^IIaII £a tlju^n bMx a VAj^a Ijj!^ 

Cliljlaj JJ ^.IjJ (jl 4 1^3*^ 1±1 jjjjj o^)j£^)3l ^a^Ia j o^_V 21 jj«alic. l_ 11 ujjj ^iMEMS 

,4x.^I1aj 1.1a. 4 jj3 ^juVi 

l^aLIajj CjUjjjjJI 3.22 

Operation and function of motor proteins 

j! ^ a 11 4_all t ^_ja t LgJ JjfLia c V jIaj^I 1 C 4 L 13 L 3 j^ll .l3lx_ll (Jaju 

Ig'ia^j lg x ai q *1 4ilVl oiA ^2aj . lA^)aV ^211 dj^lc. laiill ^a 4 £jLaa1I 4-^IjajV1 

^ _jax J £a 4aal_j4A 4^l_iAi£ o_jj£j £a ^jjj j^ll j Ijj 3 Uajljj 

(JaC. 4_Xuiillj LijJa^)C. ^ I^A j/i» \ .^jjj j^l I 

tlg'iajh L iujLaI 11a c4£^^a11 <11^. Jja VjV^ ^ j 

.o jill cJ^Jj (J ^ i. > iu/ij 4_jV 


JalijjVlj 4 £^)^a 1I djllijj^JI J4 *j ^J4J (_5^ 

;^jL<i]| (Jj'V'l j J)jq^"i ^a 4_£1 a1a1I 4_iaj^jV 1 Iglajhjj Ig-i^ 

Cljljjj ^ V^LljJ^Ajall jjjlvli ^_Jajj .LlJj^ijVI J filial! 4 _iaAI jjJall 

c ! 4 _uj 1 jJ ^_uj jVI 4£^a-All Cljllijj^)JI oli^l c. <a».Vi .I^IaC. ^ja 

4^ 4a jg a.oH c!jI£^)*sa11 ^ C3^1 FpATPase 11 j ^jj^^iAll j 

ciAJIj ^ ^ij 4-c. ^iIa 4£j-^I CjliiijjJI o^a I^jJjj L_ajUa j\\ . Ja! 
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1 g * yVl ^^ic. I j)LLa-o 1 *-q t aljjj . Lg_u^j 

• 1 ^ *^j* i ^ J— >. \ 


cjlLjjjJl dkalLj^jj 1.3.22 


Thermodynamics of motor proteins 


Lft-o cCjlLujjill CjIjjj jjK C lAijj Jaijjj 

JjSjll dilli^^. Ic-jjjoi jl ClAlj^aJI o^A ^Ijjj 

iSj^i <^ill t(Adenosine triphosphate-ATP) t- ilLaijill JUj jjjjipVl j& oi* 

% * 

Aillxll jjoi£j3 ATP ^ ADP + Pi (3^J 4*ig a\~\ 

(Adenosine dAAjoijall ^Ijj jjjjiijl j (Pi) lS jjc- a£j\j t4iUall 

c^Lgj <Mg 2+ dJiSx-a AjjLi^ djVla. Ljaj) lSIUa .diphosphate- ADP) 


.-lajaU-G (Jj'Vi ^aoAlLdl ^ JJ j CAjj^^. j 


jl ATP 1. 1 ^3 Ailiall jAu ^ Ajm 


AG = AG 0 - ife fl r In 


[atp] 

I ATP ]| P,] 


( 1 . 22 ) 


^ia^J 1 M .lie. AijUall^ 4jjl_i*-<i]l AiLLall AG() *>" \}^ 
S jl b^ ja .lic-j 5 .-51 x 10'- 1 J (^A ATP blU. J AGo -bijl j^I I biUall ^ A^T j 
J ^>j-ujI jjjl jLJI (jj^A (ja jjMt'ill (_jS-oj .4.14 x 10 21 J •A'b 7’ (_£jL4j ba^ill 

clslbiJI jAb brJjAi blu J . JIjjII Jc. <4.14 pNnm j -51 pNnm Jjiia JbbuuVI 
La-o c2 mMj 4 10 pM <.2 mM : Jbll Jj a_iijjj]Li tPj j ADPj ATP jj£! jj (jj£j 
bJ^iJI blUa!! a y& (_jaaa> Jl_j^. J t~-100pNnm lA J.13 Sji biiUa JjaljJ 

A^jLill o j-bl <iUall 4 Aj^aj Jl ^jl L -k b \ /jl 1 . >> 1 1 lj£-aJ .<i^)xll o jl b^. Ale. 

1 4 a. ^>41 j ATP 11 bjllxll AAU\ Li 1 ^ya ^clijj ^jLall ATP H A ^ ^1-k ^yt 

,^u2$\ j;-. 'i 6 bj _ir.l q'~i\l La-a ibillxll ATP J}-A) y 

(jjJ tiilja-a (JJJjjJ Jj ATP — II iajj ^jl cJ^ 5 ^ ^ 

Ij^. tils jl ATP -laLijjl U1 ;till^ t __ s -l c ' & j^C* 

ajilll -Lal^ioil (_5^ (_ 9^)^ (J l <>j^3 cLujj^c. 
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A£^aJi :4 _iM! cAlali ^ A£^a-ali ciAlii j^ll (s j£U 4 Vn^'i dA£^aJI) (Powers trokes) 
ji ADP Ja\jj_ji tils Aic. A^^aJij ATP Si A g a\~\ XlC- A^^aJij cATP Si .lie. 

A£^yaJi lg_j ;ii Jt ;i j ialjjjVI Iaj a^j .ujLia A^^aJi olA Clu^^i e -\ ^jujj .Pj 

ftUSl jli ciUjVI Cj\ ^ixj _jjjIjj ^ il >u Aslia JjjS (_£^a. J (.5^1 AjJ^^JI 
til^)^ aSS Jc-lioll ^jIjj (Jj'i^'i o^- 4 ^ .(Jc.Liill oLaji ^JLa^J oii^j A^^aJi 

^1 J^\ 

<il ^ ADP cil ^ (ADP + P;) cil j^a ^ ATP ^ ^ ATP + ^ 

jiaJj ATP tilj*s,ASi JaJJ^)J i C5^ (jjj^. ATPj I^jj 

- * 

Jajj (j^-oj .ajj-lll JjlijS ADP t-iS j^. JJ^Jj cPj ?.(_£ j^. JJ^-j iPj J ADP (Jj Aig 

olA ^JA (_£lj A^^aJi -llljJ 0 J)Aa ji o^iili 

^ja~n (ji ^aS iJaSS .laij &Laji ^3 til^j*s a! 1 til^ajj IjLol (_$ (ji jjVi 1 T^aj 

Jc. iasLaj A_ilaJi dul£ UaI .tilli£ c-u,jl A£^yaJi j£l j c^juj j^c. AjjIiaAII dj^lc-liill 

. ia.1 j oLaji cA£^yaJi (j-oj ijc-lioll ^JLoaJ jla. n t^jjl jllll <jc. i.iixj ATP j^ijj 

.* 

4 g aS^S a^aJi AsUallj till j Aj^jILaJ ^aJ t Aj jj^Vl a^)jl ^S til^a a Si aIijj (_£lli (Jx-uili 

.AiixJ til^a-a 0^.li£ Ijlaj j)^AJ tATP £(_£j>a 


FoFi - ATP -J jUl-j 2.3.22 

Myosin, kinesin, and F 0 Fi-ATP synthase 

A^aAa A_ii£j djl£>^a-a ^^A F 0 Fi — ATP Si jtiiujj ^Jj^)li£li J ^jjjjAaII 

1 g "i^^pk ^-3 t, 1 ^al_AiAVi ^3 Cllilj topli£ll J 

Cljl£j^.A\i o^A . Ai^. j (J jluiA ^ic. AIaISJI Ajx*),V^ SI L-fll J 

^J^a t. <i\"A'i A^J^i Ju^laj J Jai ^joil Jilj cATP Si A Aj.j,)i AaUallj Aj^lilli 

(jjjjli^lij ^jjjj^i jli iF 0 Fi — ATP jij*^i ^ ^i ^.ij 
JaLij^)Vi *^ Q ^- Q ,J^ JaL0 (J c^-S^* O^" (jiil_^J ^jl£^a»A 

(J£iL ^t. i-llxS j& ATP ^^ji-Ali J'VlSi J ( ^SalliA ^iC. _jl_uiAli ^ 

Afllc. A^^aJi iAA (Jx^j .A-oAlAli l^ji jLuia ij^la LS^* *^ij al^ji ^3 djl^^a^ali 

. ^LuiAli Af^ til^^kASi jl^Vil {ja ^j£-cj j Ajs jj^li 

^u*/ ^jc. i^A ."piiC." ^>^Vi i-^-xiaxjj 4 M SUa" AjJa^Si Cljl£^a-Ali ^paxj 

£-a ^Lqj ^^ic. C5 1 jj tilja^li (jA ^.J>a. ^jl£ lil La jA j ctiSja-oli (Processivity) 
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O^jLluJ (jil ^g-S) _jLo1a 1I £A dulj (JjjIaJ ^g-ic. oLaa!! JaaLij .ClAiijV! JA~N ^)Lu1a 1I 
(Non- j^-) ^jjjUuII Jc. $*lixll djl£ja^ll M -d V y*. ^ ^(Processive 

:l Aj^ y c <a'*lVa (jl (jA Aiilkx Aj±c.y ^1 jjV j^Aj . jLoiaII ^a processive 

^gJC- ^ V^J ^_iJal ^1 j)A . I _j\ojuj V j)J j jAaII -lai (jj^. ^^-2 6 II (jJ j^iAl! 

AiiUa jl A^^aJI (j^S AJjaj (JaxJ (jl S^jLljaill ^AC. dA£^*\ a 11 

(jl djLuJl CjI£j^a 1I ^ic. ^ i->j cJUIj .(j-ojil (jA aLjL Sjj 3 ^S? Sjall (Transduce) 

S^jLiiai]! ^c. a 11 c. <ix^ IaI .L^-aL^-a jLaiV Ia^^aj (Ja*j jl S^jxa*^ jI.ic.Ij <2*doj 

.^Jj|^)ll 0.1l^J djl^^)a-A ^glla. (Ja/IiJ^ 


(Myosin) o^jj^l 1.2.3.22 

4_LaJJ^)A 4£^iJI ^lc- ajJ3j JaUjjl AilL 4_ilijj^)JI ^jjjjAaII ClA£^a-A jjAJJ 
G“(jd^VI da! ^JJA^j^A 0^}A L (jA (j^^A ^Iwll ^jJ^A )-a) a*s J_J tF-(_ 


1.22 (J^-dll (jjjj ."(j-aalj" j "jjlj" (jjS^)la Clilj ca^IaLiiA ^)JC. Cjllijj^ll oJA . 4j'n'ij^)21 
^a (jjjjxall ATP -lald^l yy .F-jjii^VI £a JjIjja]I 1 g \c.lij j (jjjjjAll 4_ml I j 

^ajujj (_£j]| -laLil^jVI 4-^lV (JjJxllI lj& (jl . (JjAxIIj (ji&xW j 4 nn^VI 4Jal_ij^)l <ill 

(jjjjJAll (jjj JaljJ^jVI (j] . (jjj^JAll jluax Alii-k-aJ (Jaxj (jlj ATP £(_£_ >?-l 

tldi-A >l,U'i ATP (jjjjJAll (Jl^J ^laLilA _jjC. Idajl jjJJ^VI CllUaJjdj 

. ^e^)jj-a]l (jA (_£^)jjjj]I <g_aJlj (jjj^VI 3ajj*s j)A "jjl j" c_fl^)la]l aLajij ^LaVI ^1] ^j£ia 

tila ^xj i 4jKj^ <Ljac. ^gi A_ilc. yc. ; II aj^ll -la ^juj t." a.*i*N 1 

<1aI£1I ojj^I ^(Actomyosin complex) yjji^yS^\ ix« ^ P ; - Jald jl 

^XJ . (^jLudll -lajd *L5^ L5^ II 

jiakJ (JA Jaljj^)! c ^jJ^j jaa jJ^V 1 .V^» aj ATP 

(jijl jll ^ (Conformational) l£12^a jjjxL viUi ^ ndn .ATP c-Lfj^ 

jjojjja L^° Jajjoi] 

!>lc.L^.j -lajjoi l^\3aA ^1 jll ^ja P,- Jaljj^l ^IVn t^ilj «^*jj 

1 m^A ADP c-(_^y^ Jaljj_jl ^IVn ^gJj AauuIIj o^.I j d jItn jJa^j 

.I^jjIA a»,jj <a!Vi Laa c^jjI^)]Ij ATP JaLij^jV cJ1>a!1 


(Neck ^-lajl^)ll Aj 5^)]| (J^Jal Ixjj 6 J la^k ^jjIIa 

(jA 1-10 pN jI^a l^jiiA til j^a j3jj .((J£dll ^ jix-aS/lj ^>a^.V 1) linker) 

jL2a (Jilxj A Tq^ll ^gi lg a^lj c5xl0 13 kg 6 (jjj (^^>1 Jaflfl ftiA (jl ^aj 
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Jy cJ <Jj^)£L<i ^jdULo Jjjkd ! • ’lj^ Til 4j jj o yet 

4 q . J, V'dl 4 iL >!■» II L£Lajl jjjXa CC-id o 4 iL >»t~- 4_iLk JjjoiLlLd (j£dj J^utj 

. LliaJa^a £-a Jc-lliilj 1 lal - ^1 ^iL <j j ^ j . >>11 y ^jl 



. jLouJI (jl\ d ja^ll fl j£j (jjjSSfl lajja >y S (jjjjAail jjjj tAjjjjj Ja^Jj fUiii 1.22 

i?.Z). Va/e and R.A. Milligan Science 288, t>) 6 nm = A «jVu.iall AxLill ^La 

iiali AjSjjAM Arc «■>'! (jjb 88 ( 2000 ) 


a£j^. j Jalijjl AilL diliij o jj jjAJl 2 Jjlc. jxojj (Kinesin) 2 . 2 . 3.22 

.ijl j (jja^Ja dljs l . (Microtubules) dl ,'j.v'V' - - .; j j^.; * dl±mjlj AJaij^ 

o^aL ^j-Q 4_i .a^jlaLiLd V 4 ijajaJl a JJjLLq 4_njjj^)j dll ^aJ^i ^ 1 _j^aaVjj 

^jLojIIj (3- (Tubulin) AaiJjjjjj -llu j a- (Tubulin) AdJjjjij-lill 

i* «= p > 

JaLij^j! 4 \\Vi 0jl ATP 3 *° cJ^ (Jaxj «(2.22 

JAc. tilliA . A^.1 j oL^jI a£^)^. lSj^^ } I-^-gLuj cAjj^)5Lia]I ClA nniVI £a 3 ^ 
l^jl Afiaj j tAjjdiJI (Jjj-aliill tillj ^ Laj t30j^ A ^ J 3^3^^ A_^.jl (j - 0 

AjuLuaII ^ ^ ^**1 3 -o 3 ju31 3 ^-^-° £_a CIujLjj 

J!1a l£UJI A_it_^, ^9 L^ajj-^k t A Ag a A 3j A j . A_jj\*sll ClAjjJaxjl (Jlj 

A_La-uil^J A j A \1 3-° 1 g *i^aj V L_u^a*Jl 

0 AA I 4 3 jJ/).ft'l d ^) 3 jJ ^ 111 JSa t (Jlx3 ^ l‘A '1 AJUJI 0 AA (.Jia . ^LaujV 1 

. A.Ag.A^l 
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(jjjijSlI (jjSj IjlA (jjAaJl] j . jl j..; jA jj jjjjSJI 

. y2'j\ J jjl <j£ajl£_^<i]l jl 

c_LmjVVj iajj^aj ^ jli ^-o'l-oV 1 I Jl: Lg£ ^A <LjI^]I 4AJ15LJ1 

J JJ ^ jUll (J JU ATP e-i^y*. Jalijjl <_£jjJ ‘ADP Jaij i JK1 1 (Jjjl jll J 

JyQal j JLJ1 d—LmjVlj I^A Jalijjl j ^ i . Ja^l Jl ^ j A \l ADP (j2j 

JJ J^ji i*J . jVI JA £ Jj^a l (_gi]l jJjl! J ATP — U JLa i-J'A'n ItjiLo ADP e-(_gjs. 
ATP Jajjjj Ldiic. JdVl JJ I JaU. ^ y Jj ^glLall jjjljll _' ■ ^*d'n t P / 

c4-8 pN jgj ^joiIao t_alajj (_j j5 j 8 nm (JjLoli "^aJaIII" jj j'J" S J ai j^ilLa . jAl 

.(_g j^^'l s?.li£ll 30~ 60% JJ i$^y 



Jjla j JJ^,."*" 1 .'j.’j' v| ' "Jjlj” cijlait gai Aala. ■ » Mali . gLaVI Jj 2.22 Jiuill 

R.D. Vale and Cy>) ■ Vale and Milligan (2000) <> JiuJ! 4 nm - A.d/aVu^l l AxJaill 
.(j»jkSI fSk2 4j£j>aVI (> JL/?.A. Milligan, Science, vol. 288 (2000), p. 88 


FoFi-ATP Synthase F 0 Fi-ATP jUI« 3.2.3.22 

(_>» ATP Jij Jjjjjj ia*a> ja 12 nm o J»a «.Llc. jA FoFi-ATP j lVuul l j) 
Cjliujjj Jijj .3.22 (JSjoJI l £ UaJl ^ C J*^ ^ J ADP 

4 iiuij (jc- 1 \)3 cCjU jJj^)J (_£j Ik e-LolC. 

(jjlfl cljoiiJlj . Fq L 3 Alj . g.Lkl‘Jt-1] ^^lijaill A g ~s\l ^3 
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C^Loixl] A g CjU J j J jJI (Jij Jjjjja ^jC. ^ x>iLil]l -LaxjJall lAA 

Fj ^)J)^<q11j jIjAII jjJaxil (jjkj » ^ jq.k.o.a C5"^) j) <>✓•»» 11 1 g’l^Ua t^J-aatJjujJj 

^_nll^ (3 j OC A_iC.jill CIaIa^jI] <1£LuiLo daljjiu jIjaII jjJaxJI CIi^jj 

A*iVuj<a\l 4_J£l_uiill djljjjtlill &AA (JJjJj Fi Oj^lb Pj j ADP iaJjjJ .(jjjIAII 
a TA j Ia^J (jjJ (jl jA t^LojA^U jjjj La .ADP (j-a ATP i 1 jj 

aSUoII (JjJi-J Fi J Fo jjjj^-all jJJ (JL-aj| jA (RotOf) jlj.^1 jaAiaJI JjJ^J 

. AjjI ixk l^s ^aJ 4 j^nl^a ^JJ Ajj\jj£^]I A_i^jJalli]| 



[H+] 

jij j-aJI ^ jj jjjJI jjS jlU S jaJI AiUa]| J-aSLLuiJ .FqF ] -ATP jtlluj jjja^j 3.22 
. jjj jjJI ^ A j Kirill lj! jjxjJI £-a (jjjjjJI jaJ ^Snl Ya jl j£L ADP £y& ATP Ail jSl 


jAj ATP ^Lall FoFi— ATP jl 'Vn . T Fj 

jjxj ^ 3 jaj jA ^Lall A llVi J ATP 1 1 JJ ^ 3 jaJ jj . (Ji!lui-a j^J ^ A^ -0 Aliix-aJ 

lAiujjj j-a AjjA^. ojjujlj-a A_ajjj^j <JjIj ^ jC-Aa ^cBoyer JJjJ j-a jjLall JaLijjVI 

£-a Jalijj!>U i^Alla ajla^. ^1 j-a Al£ij FpATPase ^.Ajua jjLal*Jlj Yoshida 

SjjAII . jl jA II jjJaxJI ^a3Aj ^Jj A-AjouIIj l_ijjl*j 1 £jLuj JaLijjYl lAA (JAjjj tajj^jl! 

jljAll jjJaxll jjJSJj 4 jlc.jli .AIjjjYI £3lj-a (j<a jljjl C5^ A_Lal£]l Aj < \j'il < sj < all 

oL^jl (Jj^xj ATP £3j-al jjL^-aII £3j-all iajjjj .ATP j^-A dLllljll ^3 j-all 

jljAll ^a35J 1 llm^a 4 ATP (F 0 (j-a A_llj AlC- j ic-Loill L_3_jlac. 
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ADP Li-iic. .Pj (jlkjj cJjVl (_ji ATP s-l 53^ LuLa -90° 

lil^'N.all J^xjj 4 j^n^ll 30° II j)\SL*J ^jlj^ll jjJaxll (j-o 

^j)-Vlxx)J .4^l_ui]l L_J^)lic. (jl_)J«^ 4_g_^. ) 120° J)\-^ -^3 (j^flJ (jl -1*J (j^lj 

^3x^2 I* li£ C5 -k*j Lu* t<jl jjj *Lijl 40 pNnm <>j^3 ^1 jj^ ^jc. J ^nlvi FpATPase 

.jfrl 80% 

yJa^JI ^jj ^ j^l jj "Unconventional" "Aj.y^Vitt j^-a21 4.2.3.22 

4^^' ^ ^LjJa L5 iijjjj Si*.* jAj c (Bacterial flagellar motor) 

l^pj-x-o ATP II (JlxxLail (j-o ^-3 *41^)^-* (jc. jllLo-c Jli* 

4_AJJ^j^Jl 4_iixll (jljj*^ ^ J^ill (J.QXAxxlJ t jA 

- * 

<^a (Flagella) Jal^JI .* 12*11 jic. cJlijjjjJI Jalj U-iic. (Bimolecular turbine) 

Lo-lic. 4_Lo £CJJJj J J*^l jx>i» llj 4_L-al* c<Ljia 4_nl^] JaLludJ 4g JUx) 4_iiijj^jJ dll x A~y\ 

(jjfLaj Ig cUijliill ^ SjjJ 1000 (j-Q _jj 2 (Jl 2 jI£^)^-a]I (j£-oJ . 

LiL^joi l£^-a ^>2c. 4 xx i ^ -s ojjlc. Lq .i^.jj .5000 pNnm (jjjaj ^Ijj*^ ? 

42 jj Lg 2 c. 4_il2 (J2b ciiajll ^ (Flagellar motors) 

.^2 j ol2jlj 4 j1-n 11 J j£i j t^al-Nxxnlj jjJjj JaLbuJ! J.Kn c4_il2]l (jc. (JjLuJI C1iI£^}^-a]I 
.4j1-n. 11 " c > iWn" j i dal Ajjn.11 c2j12j tiliijj ti-£Al2jl CA£j^2l (Jxi'Njm cdia ^11 (j^a Djlia .1*4 
CL_J jLo)VI l«l£J • 4^*^ <^lj2c. 4 j1n11 C^L 2^I ^1] djl£^)^kX>ll 

.xlx-^lLo 4 jj\j^j^ Uaj^)jaj o^) {‘i-n^ c4_ixjJa ^-^1 1 g "iT i L Qxu^Uxn ^jl 4 _iajj^)^J1 4j1-n11 

^k\j . (^.^jlVl ^jt- ^Ic. AujI^jJ tl^k^-Q Jala 

^Jjjjjill U^ll (cf)29 portal DNA) (|)29 Lj^Jl ^Ij^Jl ^ <ajl»M l 

Ujjj cil^i-All jj^ 4jjj 12I 4ili^ll 4_iiiij^j2l 4 jjj1_^. (J^.1j a u^jjj 

4j_^)j 1^]1 4£^iJl oIa i (J^ xxi 11 j\ li^ll IaIj .Ij^ll 4_L^, 4 _uia^Ij 4 A^'i 

(J-axJ (jl 1 -nj . 4_Lu: j^jjill 4Jjxxi ^11 (J^.lj (j^i^^ll L-LkJajiliS 4_iLxk 4^^)^ 

4_ij\j^)^£ll djlaliall (j-aj LujJijVl ^JJ^H (j-aSLlill (j-o ^^_xjjLl]l ^1 x11 l~ik x J^all Lai£lx-o 

djLoll (j^ -3 * 1 l.ll** 1 (jj)*N x‘j>‘) X) \j^] 4ilj£ll Jlxll L_LixJaj!i]l l^A 4_Lkl^ll 4_i]lxll 4j£Luill 

c55 pN Ia j^a l < a\ijj S ja cilj^^ll (jl cs^* C5^ 

.^cjjW! Iaa UujIaaII 
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AjjjjjjJI ujl£ 4.22 


Biotechnology of motor proteins 

^J1 DNA lj-21 ^joij A. iLaC. (J^lA ^y j^>21 ^n. .aj a^j^yn l" 

% 

J£jji £ }^}. u' ^ *cj J) ^ ‘RNA U jll 

cA^y^A 4 kki.ViA jl (JaI£j A j Al' ^^3 (J-oxll J 

AdaidiA A_i^.llij| dl^ <L^ia A_AaC.) Adi £ A'nVn ^£aj t^q'nA 

(Protein expression gdj jjj ^U»j AjIj j^a j-d j' ^ 

i"oj±& CjLia^j caJIc. ^-Idl ^^Ic- ojjli A_ilij jjJI jn»,*Al a aA'i! .system) 

. A-aI^a-s (J^l Jaj^jd^ 

^ u^ij t l^liLaiLoi ^ jjj jjAl AJ^jlxJI Aj^j^aII LS^" c — U 1 ^ 

. ^jjjj^l] A } 'l 1 A V I ^paj)A*\\l A_LalluJ (Jj.lxj ^aj (_JAJ AjoJ-IaA ^jI^aVIa 

(Folded AjjAaII aJL^JI ^ixj j t AjqjA^H dale. ja^ a II (ji d^dj.W'ill 

dldj^JI ^-1 jVuA l_l^j c^ldVI .JjjjjAI Ajiij ^c.l_uij jl state) 

. A^u^iaH Id^idll ^3 oJ^^.^a 1I d iljjjj^)AI ^ja dNVI L^lj-a3j t\ g*nVnj 

jl cA-Sldal ^c. o^^IaII did j^)JI Jjdil Ajjj^. AjjLiaj^ dldj (JIaxILujI Aj^xj (jdaJ 

A-AIja)^ aJIj] jl Jjdj 


oAjjA' (J\ U^( <> :uAjjA' ^\ WAfcW 1.4.22 

Biology of protein production: from DNA to protein 

li^ll aIlujLujVI A^.jJ__)a]I A LiUI ^ A_iLadll A_J jNI Adll ^ia^j 

^jjdJ J (A) (jddVI c A ql’A a ^jjjjujI Axj^jI .i^jj . ^jjj DNA 
T £-<* A \a^a A n Jajl \ g ‘ia (. iljjJ 6 (T) (G) (C) 

cAjjI^j^ dl-A 1 g . Ij^ll a_^,j^^a]| a ,\ j.wll i^£' Aj C j G j 

% 

& jlojj c(Codons) Llllj^ilj ( _ s -o-^iJ A unit ill Cj!.li.j ^ SijaiLaJl ^xaaJj 

l ^ ^ ^-» j ' jj tL_Lu^a Ljjxal 1 l 20 2j^ '-^1 J - ^ 1 1. j lilLol 1 L I^Jlg aJl^l j 

^ 1 ' l^ljl^j J! J AUG J>-o j )] 1 u <jj ^-21 A_jl Aj ^J1 jUlj o 2-ol j ^j-o 

•UGA J tUAG J tUAA 
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J b Jl Jl j^Jjj Jafj jj (Genetic expression) Jjbj Jl jjill J 

bj AlA ^^3 A,Kwll j b.lll (jc. Ai-uij u^ijj e-JI o Jo! j Js jjt-o £^j-o 

SJolj Jj cJj jl Jj JJj (mRNA jl (Messanger RNA) JLujj-a bj 

a*_* JJj dln^ t (Ribosome) ^j J jjjJI J JLoj J! bj! <_$ .(Stop codon) c-iULVI 
Jjab^b Aj JL» (tRNA jl (Transfer RNA) JlSul bj bj Cj\ Jq!j 

aLoiLuj AjI^J Jj Aj.lJ! JxoVI b^jboiJ UaJj ^jjjjjJl _Ajjj .Als! j-ol! Ajn^Vl 

.6JJ UaJI jAu/lj A-l^bl! AimJI 


jjcJ Akjjoi a-o djbjjj^jj Jfc Jill 


i.'mnil 


Jo AjA*N Aludluj ^aj jjJJ Jl 


^ jllil Jjb AxjLb]l ^jjjbax]l A-ixJal! Aj nx>Vl (Jaj-o^J! Jo bjUaj! . ^AjjA-o 
L- ijLoib (Jc.lijLj A ql’A a A A j aj-oj Cli! j A_njJ ALaiLai ^ nx>l (J£J ! Aj n'lj^Jl 

oAA A jmj .^Lqj cdib jj! j CIsIaJ Jo A_i^.jLkl! Alnll j ojjL^-oll dll. Jn Jl £-0 <* <V*vna 
S j^Jl AjsLA (Jx ~sj jj!j3-o (_g-3 Ax*iij ^Jc. Jjj^J! jjJ^n t Abl JaII djjlc. Lilli 

. A'^jAj Jjj^J] ^jbll JL^II ^Jaj . Ajj* x^il 


DNA -Jl 2^ju SjUJ AJUj & S 2.4.22 
A short overview of recombinant DNA technology 


(Genome) djb jja t (Escherichia coli) JJJ! IJjJVI cJ t JljJ 
Cjj^. Jiil .(Eukaryotes) Si Jl cijbLi^Jl bjLkJl A_nj jo A J AjjA. a_ujj J£j j* *✓>! 

C1±a^_3j AjIjJIj fib^-Il Jaj A_^_^.j Jo A<Lax-g AujIjJ AjjJjill IJjjjJjoiV! AjujIjJ 

. (Jb J (J£ lA^^C. L_kc.LjaJJ J j£-oJ t A JiaI Aj^Jo ^3 ^-aL .Iai^> big_3 

jm.Mt j AjjI jjl Aj-uAJ 1 ^^3 (JbdxIlujVl j bj ballaj 1 £ l<a (J-ol jxJl a (Jx Vl 


Ij^ll \a ^L<uaV1 ^ ^ ^ 1 ^pLL^j) j J J)jt_i <jjl J ^LajAi^JI a j $ 

Cjliiijjj ^ Aj ((Restriction enzyme) .\n?'iil CjLujjli l )u>i/ill lidll ,e )n>i^'l 

J dlljl^j" ^ _5~3^ ^UL>LaJ Ajc. a- Ij^ll Ala a-L^aj 

.( 4.22 tg mVi CjLiiiillj SJ jaill A_aailail Q^LaiLauil (Sticky ends) 


827 



tA_»dj .\nqMl ^>^-! ^ ^-aI^VI £-da^a Ajjj^JI (_£ j'Wj l£^ lj-^1 ^c-o.} lil 

.iia^JI ^cjolaII DNA 1! I 1a ^Id! 0^-^ .DNA 1! 11 a £-<* py^' 1 o Aj^j^-aII ^j£-aj 

t (Polymerase chain reaction - PCR) JjaiLail* Jl y ul y cjc-liij JLa*1uL Ila£ 

. llada 10 1- ^)l^l (y A ljU/i dlLlxd A_SC.Lja-a ^Ic. S^p^-3 A-l_jl-i*-a A-j^)^^ A j'lVi 

...tcaggcgaGAATTCcgtagcaa... 
...agtccgctCTTAAGgcatcgtt... 

^ EcoRI 

...tcaggcgaG AATTCcgtagcaa... 

...agtccgctCTTAA Gaea t cat t... 


cij^L 4,nu) did jal^jd Ad-u J^miuu ^ic- ^ jo^j A^jJjd DNA Ajj-ia. Almlm 4.22 JduJ! 
4AJ! jtuud! jaill Ad-ixl! EcoRI J*ju .EcoRI ■nffifl fjji t^i jjuj (S jjL 

^aJjjL ^jdc-jJaLa ^jj^^v.a (jjlljA'V y kjlxl ^jLaj .I^jLaaIa] AdLc- Aikli C "AljJ AjI^J" £-Luajj 
.^jaiidLa Uj ^ic- ^ jHaj j : ^ ^J! ^ Jjj ^jj A-ui ij AjjVtll 


^3 ^LdA^I £da^-o Aj^^aI! £_iAdi]| ojlc.j dildijj JLajCIuj! j£-aJ 

yj\ JjoAjojj ^ AjjIjj ojLo j-g ^JaLJ .(5.22 (Plasmid) 

t-adc. .(Cassette mutagenesis) diljik]! dJjj ^Aj Ad£il! oIa JLudoL 

Jc. jJjx'AI 1 g *iSaj A_iajj^>^. A_ilk ^ 4 _aI_^3I J^aj tl-all ^jj.Vig a'I .IiaJ^^IJ! !1a ^ u^ij 

^_fljL-a llj j . JjxaI! Jjjj^)2! ^lUjj (_£AjJ 1-aa ^ j oA^x^aI! Adljjl! CIAa^Ixa]! 
Jjjj^>2! ^ja 4_a£)Ia ^II^a ^3 jl b^y^.y yt. A,\\\aI\ ^jdjAxll p^~ iX } jl 

y <C.^I1a dlldmj (JlailujV j! j! c^iLdaV dj j2£ jdl! A_Lailuj y^l 1 TiSaj 

(Site-directed a_^. j-oll aJ Jl A_ii£j (JLajCLojIj JjaiLaiill 

^ I Ij^c. ^ \\A"{\ CjI y^il A y>N o^iLa j aJ^juj A_iiij 5 4 mutagenesis) 

.dll dim]! 
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A 3 'i *■ , i (i46) 



\ KnK I(336S) 
«<uilIO« 5 ) 


ijxljAi J- 4 jj <^1 AjjjaSI JaUo . (jb Fi-ATPase 5.22 

I 4 l 4 .ua £a t .\nVi1l lJJ£. pQE-30 (JJ 2 ^ -Pstl j BamHI t*A AuAj ^jJjS 

• (cjj* (j *. jj Jluxa ja (j jlu ij u .aVl) <^L**u*VI A- 4 j 11 a 1 Aj J^a jj j Pstl j BamHI 

Ajj^a ^ic- ^jo^j Cj!\ (jl j AuSuIl uaLajjl j-4 Ajjj^i! AJLuaa. ^ Jjj 

^jalujuxaVI JaLujjS ^ L£llJI aiA Aoajj j L£H lj! diA ^Laij .ATPase 

jjjxj AullJI Af-ljj] IPTG II AiLuaJ CIl^j .S CjIjjjaI! ^ic- AjjlaJI LvLxll Ja£3 ^.Vin 

jAj t lac promoter (jji&UI t_£ UL ujIj JUj <j-atUI dlii jj*-® ix_i cjlii jjaII 

• Fi-ATPase — i y j p j cx a^c- jill S jaII cjIj jjaSI cAJlaJI aiA 

CIjLia^ A_ixijj ^j^aj ^ Li^jAJ jjI£jj A_iajj^>^JI L^LiJI Clijl£ LJ 

Aj^)^A (JLajCLoiIjj . Cll3j AjJ^}xJl Aj^)^a 1I LS^ A-jj A_1 ajJ^)^JI CH° 

l1iI_ia£ j-L- 3 ‘(Lac operon) ls*J j^xj 

c(IPTG) jij-D-P- AiLjaLj l_j jo_^a 1I <jA 

^3 -Lal^Vl A_ilk ^j£aj ‘IPTG AiljJa] -Ixj .Aj^j^aII Ja±i_jj 

50% ^Jl (Jj-aJ CIjLia^j c^^IaII .Iia^^LII ^9 tillll .Ixj SJ^^^aSI lIAj^jaSI qC. ^lixlill 

. Aj\~sll ^ ^IiaII ^)A 

Jau L« j-a ^ (JjJju f Luu£]| 3 . 4.22 

Biochemistry: post-production modification 


*lja.y 4 LisIS ■ " ' ■ j ^-q ^ ^_lc- (J ^ cj^ L* 
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3.)^*^ J±uJI .1^.1 ^-LajoiJ jl 

•• * * 13 

djlliij^J! .^jjJj^)Jl ^ic. IjaMll*! oJ_^2k y& 4_iic.lij (JLajLLoiIj C^jjjLaII 

^IiaI £a Cl3lc.l_ii]l . vi»‘n . £3 ^a 1! Clllj A^Liaj^II Cl3lc.lidil oJj.W^a Clil^Lik 

diLolj j (Lysine) 30^ (J1* 4/n3 ^jiaLaaJ 3 ja . ^ Aj^jI^ j } jt 
La LJlc. .Aja^UI ^3^ ci^>lc.lil<J! ^-a 3^ 3 j 1I 1 g '^x>j 3 ^ ‘(Glutamate) 
^jl jluaillj ^jJJj^II JaJ^j C. Og i ^*3^ 6 *^3 ^gjl iaJ_3l 

AJaldj ^3 3^3 *j jl ^*ia> j i3-i jjjJu ^IjjI A^ndj jl (jjJj^}J! C* n fn 3* ^cjjj 

Lq LJlc. J 4 LuLai^ 4_LaLk lju*n ^^A (Aliphatic) AjjliJVi A\\\a)J\ (jiaLo^VI ^. C5 i3a jll 
‘(Cy stein) 33 >u *i.. U j>1 ^ . e-Lail L^!1 a1^£ a yj^ l^-ilj 3j j - a .3^ 3 -° 

j&j . AWa\1 £3^a 1I ^3 3^*^*-^ L-a^)3 ca3j^)i]l 3j,J'^ ^L31 d^)a3 

djljjjj^jj c!jIjj3^ j ‘(Fluorescent dyes) AjjjIs ^L*-al _Ljj] 3' ft *" l| ^j La IJlc. 

3mall CjL j (Malemides) djl.^AjlLall 3^ 4_ic. jj da! jLa£ 3^*'‘ u ^L 

3-° S ^3° <3^ dliajjjJI 3&^ 3-° '(Vinylsulfones) 

A-aj^LaII ^jc. ^-3l jaI! dlj LIL 3^J^L 3 ^-^ iLjd A^_a]| _jjc. dl njuau31 

^JJ 4_LaLk dldmj 3^J^ 3^ j tLuLixu^ <LaLk dldmj Jl IjajaJa jg jaj 3 ^ 

•LfcPj3^ cs - ^" 3 C* ilnju^u.) 

A_}^l^. 3^ ^Ja-ujI^J 3 -0 ^-iC-jj ^3l ^-a ^^3 Jajl ^lx-a LiJajl 3^ <Q ) 

3^-^jj (Streptavidin) 3^*^^-Lj^ jal ^ •&*. j 

aJI*JI 4_^.j 3! 3-° -lajtjSB 6 jS ^ *c5 (Biotin) 3 ^^3^ cf 0, 

cciilj ^ 3 j AiLjajj . 3 jLtJJ 3 ^ ^ qjatx^ill Jajlj^)ll 3 *° 33*J ^-ojujj ( 3 ^LLali] 

ccillLl A >j‘Vij »3^J^ — — Clj!>L-a A jujVI JaLjjVI ^-ajoiJ 

^-o LjL^j 4_^.llLa J^A\ 3jj j^JIj 4_nxjaU ^aUa3l 

i *" * 

33iL3 3j*UI 33 JaJ^ 3 ^*-LjjV 1 S33xJ-aj 3 A *-LaiJ 

^gA tA^lLoll ^Uaj \g vVn 3 ^^ ‘(Antibodies) S3Lja-3l ^Lai^.VI . j! 3^'Lu.a 3 ^ 

c!jIjj3^ j ^3 (Antigens) djl.^^un^l a31c* Aill djl3 3 ^^ C - J ^3^ 

^JajoiJ 3l_iJaA SjIx^iaII ^Lai^Vl 3^*^ x - i J 33^ 3^*-^^ 

JaLodll 3^^ c3 ^^3^ 3 -0 3^ djllijj^J Ljajl tilliA .^^.jLk 
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Ciljjj J jjII j 4(Actin-capping) oUai-oll Ciliijj^l 

(jl ^ . o j4l]l ^Wlj (_£ j±i CjUaJjA ClltAgj laju 

Jl jiSVi ^ja A_iC.^j dlljl^i iaJj 1 >\Aa o3A A_iIailAI Cllljjjj^J (Jj3ju jl 

(X .iLjaA ^ja^AI lg_ia (JajLiiujI ^lAl c*\\*A A^Luia AiL^)laJ ^Jajujl 

Ajj^)5Lia]I dil.jnniVI A_i^.jjj 


17 


AaAjj^JI ljI£ j^aJI 4-ujAjA j ^ jIC' 5.22 

Science and engineering of molecular motors 

cilliA (jl£ .Ha cl.1^. ,x\\ i**n.W Ajjj^kll dal £^)^ a 11 (J ^-ujAa^AI (Ja*AI (jl£ IAA 

£(_£_j^AI ft.lL ^.jj A Ia^a CjLJjJ Cll^_kJaj I ClA£^)^ a\ 1 ^aAc. } ‘■^A (JA ^3ijj 

<ja (J^axJ ^1 clAJVl jjJjLjja j ^jjJjl JaJ^ Ul J^.1 

t aIja^II (JjILo ^^3 <C.^udll J ftj3 .2j.l^j 4 i—J^jl VA1 ft3A 1 Ti^aj . C1A£^) j va 11 ft3A 

3jg -nII Cllillj .A^llkj-alj ^jAx-^i'il Aaj!>UI dAlnm jaII Ia^aC-j 

* 

ClA£^)^A (^JaaJjojJ ft.^A ft^_^l £_L-aJ ^alj »^ajg QaI! A t.si CIAjjV ^>a £.1a]I ^3 

. ^)JJa 3C.J (JA A Tiaj Laj £J^)juA 1 ^a.l£Al ^ lUtil AjIaI] ^ilA (Ja*A 1 . (jVl A_11A^^. 

^a->.uk]l IA& ^aa^Ij . A a)V^ 1 ft3^A IjAIA AaI.Vuha Aalia ^pl »^a ^JUaI ^aHA Vi L»Jajl 

.4_nj^^AI C1 jI£^}^a]Ij aA1xAa]I ojjIaII j A'nwll ^ jlxll ^paxJ 

Single-molecule biophysics J^aj f ^ jaJ AjjaaJl * LjaAJl 1.5.22 

^ja A^jlj JjV! ^HaII l^jljlij J Ajjj^^J! dal£^j^k a\ 1 ^alc. ^3 ^jj 

(_£ jluiA .lie. i1A£j^a'1 AauI^j 3 dal j^Vl 

l ** 4 .\\ 4 ^ < a\ 1 4 i \ 1 ^ | ^ A il l ^^LoA] Ajoj^I aII CjLoiIAJI . _A * ^ ^ ^ ^ 

o3A c t AIoTi .A3Lola1I j (_£ jill ft jjLaIa djLailia ^C. ft3^)ilAll A^lijj^JI 

^_iJa ^a ^a J£jlllj ^_j_o\-9aAI ^^3 Hal jj j Hiaj Hl^al (JaxIA 

A f\\ 'll ^>ja ^jj-ialjc. 1 CjlijjjjJl (JIaxJauI ^_^3 AaujLujI Ij-sajl c^LajaVI 

^aVi ^1-?^ O -0 (3^-Al A_uj^)^1A1 lJ j^VI o3A (JLa*Jau 1 Ix^ajl (J^aj .A xii.V^ a! 1 s^l J 

.Alii_ujj j ^ 3 ! ja] ^j^£a jl ^jL^. 
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^ Jc <Lail2 <LaiajSj Ajjja) laifcla 1.1.5.22 
Laser tweezers and cantilever-based systmes 

* * 

^LqjAVI t> “ 1 

; ^ # 

l^J-axIlujJ . LlfLijl^i* <x-a (J-olx!i]l jl La-liC. 

XiC. tojLa]! ^r u/a'i ^jl C* n«\ J.li2k 1 AjjjJ JaS^Lall 

b j£]| jl^Lo £JJJ oAA (j-o jj\x f\W (_£jS 4>jVi ClaliL oj^joiLq c^^_3^p-a 11J ojj^J! 

c jLo^jVI c1j^LqLsl-qj JLq (J-qI jxJI ^j-o l.nc. (Trapping force) "oj ^ I 

^jc. .lj.W*n ^LAjoIJ C^J-aAill <JjoiJ ojL*Jj-uVl . 1^)^. ^4j.llxjl A V^ll J 

1 o-q JSI jJ (jAjS *(Trap center) ^cilt j £ ja ^jc. ^u * r>' l ^xj ^LS (jjjL 
iljYfi jl <L^ila A^jjjJa data jjJ dluiS JIaxILaIj ^ dl jj^II dVI J-ixAj nm 
qii Lq jj*£. AjjjJll Ja3^Lill <jdjU3l dul jj ^ jl jjj .(Video averaging) Inuajoll 

— 0.01 pN JLa-<Jl (j ja ^LL ^ca^ Iaa clO pN/nm j 0.01 pN/nm 

.200pN 

fa 

(j^AJ ^ ^IAuuIjAI jl 1 £iLjJI ^j-Q 1 Pm (J-jIAj dLi^)£ (jAxIid tLld^Aj 
^IiaI jl 6 L&-° tta fljUa L ijLiaj^ Ig \ja V) . tajLd Igj'c. (J 

4-AjUI JA jll D^_J Au*n -LjIjj jl 4_iiaJ>^ dl£^pA Jojj Jjj .(EndgrOUps) 4_AjIa 
^cill O^ij 4_ijjJj^]l 0AjalJj 3-lJ^n ^)aI (3.2 ^jdll dldjj Ldj 

•CA?^' 



Ajjil!) ii2jaJi . j; J ^ lj jjjjj Jjk ^-£- jja^j (jjjjjS] (jjj^ kS Lu ;-J dituiUi 6.22 
jSja (ja <Uaaa2i 4 jjIj 4^1 jt a kal ^ .M , ; A ^' liljaj 4Jula21 sjll] 

K. Yisscher M. J. Schnitzer, and S.M. t>) -8 nm Jjka Ciljki SjAlAa ^iaa jiJI 
(Nature Publishing Group ^jL Block, Nature , vol. 400 (1999), p. 6740 
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(j-ajLx-adll IxjujI j VI-a*J-uj1 CjIjJVI (JLaxliiujI (£ 

x'lill (jjjj .RNA DNA JaUaiLol diLoil^p ^jc. ^LjaS C1 jI£^)^-a1] 

dal jA*s jA*sj .Ajj^Li-g Clil n n 'll j Its 11 til jL*u ClaLuAja 6.22 

,'c>jl ad dc. 52 pNnm oj-^a \j5nl \)* V^-j ^6.5 pN S jii JjILq 8 nm lg-1 jla 

AujILo &c.li£ Jj La-g cAj^ldSI <^j12Lq ADP j ATP dul£ 

.8 pN c^lLV A-oj!>lSI i jill dul£ j .50% 


(JjLg-g L_J^LuAj £^jlj LS^" AA 1<q A-«2ajl tJLoatJjuAj <3 \_uia]Ij idLoiLiS (JajU 

jlg_^.Vl ^jiajLill <^jLou2I ojI*2jujV! Sjli J u*uaAj tAjj^illI Jaa^^Lall 

(j* 4jjj5Lia jjJ j! AjjLdj MEMS JLg*2jJ l .^JjadG ^ 

.10 5 pN/nm 10' 3 2)-® (3 >*q 11 (_j-aAj ciulj^ £-q tL_iila]l c > ua*s <c. j u^a 

Clllj ll^joiaj 4j^x-a2l Ja^LoH ^jaxaVi Clil jV^'i k_fil^)^j| C1 jLujI_j3 3a*2jujJ 

i (jl JaJjajjlil] ^j^gJj j_jC. du£jda Axil a£^)X All^jd 

dll cdk ^j-'l il AjxL^_)]I 4 jj^£xa]| .. al_l] V i I (JLaxdl ^)£Lla]l o ^>jV I d^)la ^ j-. 

• 5.5 nm S_ji=dil (jALo jl£a 4(jjj£VI Jjji (jjjj^l ^ 2jii« «.<_£jx 
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Ajjjlillj AjjI^aVI 2.1.5.22 
Optical and fluorescence microscopy 

]aia ]a j tilli j $|^l^)xiVI) ’ ii^jdii A ; j . ^-.^1 ^ tjt 2* ^ AiLidl jl 

o2^)id]' a\ joixVI a£^)X ■■ ■ . (jdxlll I ^ > >>■» j ^jC- (jjllali ^jxajaix ^jxqj a]Ix 

7.22 ^J£dll (JAIJ . ^_J ^ ■ ■■! II (J^La. ill J la^Lfc jijgll 4 i ■■.' ^ l^joildj 

(Dark-field optical microscopy) ( »i«-All— JU-all ^ Ajja^j Ajj^j^o dLoiL^ 
jlj.J! jAd*Jlj 20 nm Lg_kjj\_ja Ajjaj dLijS lSJ^- ‘CliLoiUall oIa ^ djila 
(jjjia (jc- Ajj ldlal l ,jjJ ^ja-all (jljj^ lSJ^-j Fj-ATPase — i 

^ 2 3 • •* 

(JL^xilujlj 8 kHz dj l\j^)£il ^)jA-a dllaili]l .L_ia11I C1jIj^)£ 

4_illx]l AaLq^II Aj\ yuj.iVi Clli£djj .L^lildj j 4 _ia 3^) ^)jj-a LgJj^dj CCD 

^jj\) c. ^ ^GjJajj 120° 2)^ djl jA'sll 

.30°j 90° 
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■Fj-ATPase 1 jl jJI jJaxib Allx « diLji! f V'n « \\ JL^JI jy^ (!) 7.22 jSJiil 

(tj) .0.5 mi' jA (Jjj Jaji! .Jx ^jaJaj (jjS jSI jaJI *iljA j$iaj 

Nature £y* Jk 3 *-?■ >JI <>») . 2mM a jja /\ TP jj £ jj aIc. JjLLa (jl jjJI 

■ (Publishing Group 

- % 

jjIjj A-JJg ~s a (Jja t Ajja-o^I Ajjg ~\ a \\ j-° j^. 1 j 

cAjjjlill Ajj $> a \ 1 j (Differential Interference Contrast - DIC) C5 l^alij]| 
CL-Jjldill . ^jjfLiAll jjJ^Vi (jV jjl jlidl CliLojUa ^ IxjUjj 

A-ilk ^ j g >a A^jjaa ^clajuj L5 Jc. jl jjji£ll ja (Lawn) £ J-o *■ . Jj (J J 2 k 

Jjadll A_ilk iL_iijjj]lj dUajj^. j Ajjj5Lia]I dl nniVt <_£J^ ^aJ . (j3-ij 

A-ujIjJ j^aj . 1 g \j~vdj dliajjdl] Adlill A^j^JI jjtAi ^ATP £a (JbIjjIIj 

Ajc. dl jila jl d jii^l jj£ jj jl ( cil j^-aII jj£ jj <1' V dUaJjdll Aj^V jjV I A-C- jjoJ! 

. ^jjj j jjII A_iila j ^aa^iaII lilj^t a!1 ^9 
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(FRET) jfl S jjMj tiUri JL 3.1.5.22 
Fluorescence Resonant Energy Transfer (FRET) 

SjjlslU 4aUJ ^jLjJI CjlaLaL<i]l (JjA-js ^ AliUall a Ajilill 

21 

(jjc-jj J^xluij “ 4(Fluorescene Resonant Engergy Transfert-FRET) AjIu jll 
.j»LcuAVl CjllljaJI Lf ic. (Fluorophores) a jjlall CllXoLa. ijA jjilli-a 

<_j^S AjUall (Jitjjj dujkj d J CjXoUJ jU ^ J 4 a'l-lLal ^)l jj^l 

jj£j LoAlc. a jjlall (J4^. ^1] JftVI ^ j o j ^lill J*U. 

SJ3 i." ll\1 (jl tojjlill Cl^LoLaJ L_Luj11a 1I (j-fcjJaJ .4jli£ Ajj_jS 

.-laj_jjud]l JailS ^jiaidVl dal 3 


|^A ^Sc. 4 jl31 j CAls^ajI o^A Clijl£ Ijj 

- s* % 

(J jl Sjljlj (JliiijVl fi-ltol ^aJ (j-G jJ j w , Wm jl 1 g t>>» ) (JA L_JjJ3J 1 g U V'l (jl 

^jj .c-Lja S^LuiVI (3-° 

4 jVqMl oAA (JLaxUjujI (£ ^jaa <3Luia1] ^jjujLia CLi*_i1a 1I £jjJall oluj 

L-> t t-v ^ \ri l^i-v t /s.*\ ^q i^\ t. ** t l s\\ 4 t tl ^ t ^\\ 1 4 ^ j-\ \ 1 

c ^ ^ 22 * 

A djLoiLiS ^jl .^jjj£I 

. CliLill ^u^ajj ^^3 *Lg^_«g A f\) 'll J 


Engineered devices 


4-ujAj^) S jf^VI 2.5.22 


^LqjaI liSliA cAAiijj^JI C!jI£ dAJI jJ ^ll! <3 LjaV^J 

.4_ajjAa^_a ^3 oAI ^-o 1 I^JLaxjjojI djLijl^-ol L_fl\ ta^ual ^3 3 jI^jj-q 

4_*jJa^xU-o ^Ll£_ljl£_LQ Cjllu jjJI o^A (Jj-ajj ^jl t 1^-3 


ojill duljjj t oIa ^)jjILq (j^ c. V>JJ LS^" ^ I ^3 

dl^L-a ^11 ^jl L_l^Jj LS^ Alsl j!Lq A^3l 

. l)- 0 ^ Laj 6 ^ 3 ] 1 ^j-o 1 g 


(jc. JJt ^ \)>A dale. ^j-o 3^C- I Aj 

I j4Jjl ^ 3 ] . A''n,wll dl!)lj-a^All L_fll_x-ajl <£. 1 u^i djld^J ^c-«a3 ^^)ia 

djl£^^kx>\l Fi-ATPase j (JLa*jjuj1j 

. (J-ol£iLj _J4C. <llJ ^3 AjjdaC. ^JA c. dllj 3^-0 1 g dc. \ g ALdj 
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4jj^a&V CjU jLa 1.2.5.22 


(Manufacturing of inorganic components) 

Aj.lilli]l Ajj^i'I Liaise. jjnlll (JLaxIIujIj AjjjJaC.^UI CAjjfLo]! J-ijaV'i ojlc. J 

<j£-oa ClslxJ^JJ cilliAj .(JjVI (Jj-saall ^^a (j\la^j>-aj-a]|) A-ijjjJ^VI Aa^j^JI LiSl ^C. JiA jl 

JUI JLo tAL.Aj CjUUj ^c. A^l^c. jiiilllj ^jJjJI CjI j j jjjuJI Jc. 

. Ia^ic- j tdililll ^±^JI Ual^c. jjJ j ^AjjjIJI Ac-liUlj t Jljc. jlilll 

CIjI J^a J 4_iilaj £a Alai jJa AjjjJaC.^Ul CLiIj^j^aII ol& Jl^lj CIiLuiIIa dljilkl 

jl jl^-a]| g.ljAj^> 4_Lajujl^J Clllj j^aII oIa Jajoj (JjalxlL . A aaj^aII jig Jl 

l** n^k 6 dal jlA^jlill jA dil Joe. S^c- Jl (J-L-aj Aa^j dsliij j^JI t> . (Jaj 

.oJ^-aII 4 qJ-a ia\I (JjjIIa £a Jilxlill A-ijI^aII Al^ll jjxn 

Jal jl J£l c U1 jaj<; Ajj)x>ic.^UI jI^aII oIa ^ Juai l£^)^ ■£ ^- q ^ c * 

djljjjj^)JI jjJxj] Ajc-^j V jl 4_iC.^j djlc-lij (JLaxJjoiI j^AJ . (JJJ j^JI Jl jJ 4 jc.| J 3 
Clinic. Hill oIa jA JS1 . AjjC-^aII jjc. 4 'i^aVIj ialjjjVI j-o I g * ia j l_i^C.^a1I J.^aII ^ 
jjjj^JI ^Jc. 4_iliiaj a^)A jl ULaJ Hal JJ ^^C.^111 lajl jill .o^jjll AjjJC-j oIjI^a 

^^A dlUajI jill olA Clllj^V J£VI ^ Jajoill .^lLxuiII <Jc. 4 j S^ja j £a 

4j1c.UlS _JJC. lj Uai *1 ^A jjjLjAl AluJ^I I g A.Vij Jill (J-Iiu£jj, jg.ll S^)Aj ‘S-^AlIj ^JjujI^VI 
dillJa jjj£j ^)JC. JajuJI S^aj Aljg ortj .Ajjj^JI Clllli jjl j djliij j^JI ^-a 

4_aj\jj CIjIjj j^. (j-o (Self-assembled monolayers— SAMs) aia-Jill jilL 4-pL^.I 

26 

OH - JuaJI ja j Jc-lai a_aja L^l ^llll t(Silanes) (j^Luall CjLjSj^ JiLa “ 4<ij]a_jll 

^1] _iu_£ oj^Jl ^Jajoill t4qijl-.ll a^-J .fijii j-a 4_liila a jj jial . S jiai ^ 

JJaj 4<aLall a jl£ ^J=uoi Jl jl t(Carboxylate) JXjjjiSjjjS J=uoi JJ jl a jJ Juoi 

Jajqill 4 j . ]j j a JlaJb tjjS-ajj (Jj j V J alui j-a jj a J a 1 . ^j. ---.-a t_jA llll _Lajj JJ . 1 jaa. 

. 4 a J -11 Ajjljj dlV Jill (Jl taxjjqjlj 4 jjl ^ Jajoill ^_3 


(jl jjaj a4_alc Al^lja (JjclLa (j-a (Non-Specific) ^ jll jJ- JaLujVl Lil) 

jl a «. Lall <*jl£ (j J jl a (Van Der Waals) Jjj jajli ^ J J 


. " 'V r-1 a". 11 . jui ^ jjl LLjaa. a-u'Vil j J a J-J ^j Jli Jaxall a jjjj jjl jyj a4jSl_u: 
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4 \ ^ \ i djLu^^JI 4 m \ Q \ ^ \-i lg_jj£ i ** < i *v (3 -0 4 \cl *i\ i 4 \ ^ 1 n-^l l 

^/vn'uh aI cLjajI 4 Kxxia ^*^)aj ^jl AJjg.xAill oA^J ^JJC- ^ j3^x*n 

£_a A_udij L-JAI^aII — L-AA^HuiaII (jjpj^JI (J1 a — (J jWa'1 CA\AjJj^)2I 

(Jx^iaII (J4-Q ^21 c-^W^aj .JaljJ_jVl (3 -g ^jJJj^)J ^1 a1 iAIIa (JLax!1ujI Ix^ijl 

jl (j^j 6 ^ jj V -Saji jj (Bovine serum albumin - BSA) 

(ji} J^l j5*fl BSA II aa! x>>^ .^gjl!ilt ^jjjj^ll ^c . ^iSI ^jc- _jl_j3-aVI £-* l-ijaialjj 

^jj\jj J Ljajl ^ a^JLsla ^ j J-» xxi ^■LijV ^ \g xxi 4jjj^}la l x>iji ^a (Biotin) 

(Conjugation) Jj aljj c 3l*j t!>LiAa ^Uaj^ yl\ jjc. ( j- £ ajL^k 

■ \)xxiSl ^ jlnxx) J] (DETA) (J^j^JjIiaI (jJiij) C5"^ s-i£^>a 

4 Ajq\l AiC- . (j^Lludllj A_^Jlx_A 4 Axt) D Va) ^IIaI ClbuJ (jjfLiluJl 

La A^. ^1 A_±^. J* A W xxi lAA (JIaj (jl dA - ^ 4 (pH) ^\)> jjAj^JI ^3^)1] A_i^. 

AjaL^. 1 djLliLaJ ^ 3-> xxiW A_iLa*j Lj] ^(JjAj 4_j^LuAjj • 1 g «3 Aj jl AA j*\ xxiaII CljllijjjJI c > iW'i 
t Poly (ethyleneglycol) PEG J jAA=- uAA^] jA' l>^ SAMs ^j a >M 1 AjjIa 

A-ajLLa ^ jJ^xxill PEG djli±La ^yt- JaLij_j^U JxJ (Ail A Ix^ajl (j^-iVn 

^J1 till j ^gij (J L>° (JJ4 ^-IaJ L^jV 6 .j^ 

Laa ^U13 cjl^ul jJI Jaa ^aa j tALjUl cIjI jjaJjJ] (Steric) jaliill 

30** # • ^ ^ ,, 

.4_i^Jajuj dj!>Lc.lij L>° c . djllijj^)J £_1 aj S jquxiA A^liJ A4J^-Q ClAiJa Ljj^ 


^pajA^kll (JLkjlj Ajoiij t UjIjajS ^ A xxi 11 AjujAaA c> V^j 

Lj] »2.2 ^xxi^ll ^ja3^j LaS ^.W j)\ ^gjljAjS l-J^LoiLj cs^ A J^xxi ill A iaVI 

oAA A jVnl Ajjj^JI g.ljAjSll AaAa A_iiij Sj^)£1a ^AaLolA IjLL AiljJaj 

. \ ja> jiJ-a ^Jx^iVi V j 4 A_AAxa CAIAjjI (AjIaIxa £_a A^j 3 Jajljj 

A_iL-i3 Aj iA» a ^JjAj Uxig ■1^ (Tags) CALajoiIj Aill Ix^ijl JIaC-VI CA^Jal 

^ ^ ^ l__aa1Lj 1 1 k >*^~v ^ l ^ \ ^ ju Aj. '»»; CjLi ouSI ^~.4c. jii« 

j GaAs(lOO) j InP(lOO) j Si(100)) Ajijjlo jjL^jij 34 tAjAaJI 

CjljjjjjJI Jajjl Ajjalll six jUuIjLj lijAi. J_jAj 35 . (GaAs (lll)B j GaAs(lll)A 

jl ^-0 i _j-<i 4 jj^£xa dlGujoi^ ^LaaJ ^ HjLji dlLaaLlujl dulS q AjjjJaC-V AjLjs J 

36 •• -t.. . 

■ Agn-NA 
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Devices 


S jf>Vt 2.2.5.22 


ajlA £)Ay\ j AjjC-^aII A j hill dLulj^jSll dl i Ax n-r-ixill dU jS^ll ^i^Ai (jl 

a^)g_^l 1. 1 nSjj ^jVl dl j3^^11 ^A A wi.Vig .all A \ \ j ij^ll dlS^^k^ll ^a dljj£-all 

* 

dl£^)^x>ll 0 -a^l A_iljl is^ a^lc.1 Aijj-a^oll dljYq ill (.** l^iJ-a .a-liA-o A \}y& Aj^jlj 

.A^dgi a ^ 


Linear stepping motors 


jJaaJl dlj £j\£ ,j^aJ1 1.2.2.5.22 


dl, nmVl j Ja*jjujj ^glill AjatuLll (Translational) A-pAdVl a^Jv iVl 

c qV’A.a (Jill ^ 11 A xi 3Vi V 1 aAA (J!Lg »>^Vi‘i .1.1^. dVl-<<diiujVl dAxd Ajj^Sj.qII 

tig ajx>Vi c*isj Ajj_jS)<all dl n n^U -lajoiill ^j^dll j t^kl L>° dV j)<a*\ll 

^A A xilViV 1 a,3A ^ja A.J-ijmill Ajwi.Vig 11 ^t-uilll (jl . Lp^ldll ^aldljl (J!Lq oMx .all dl _j j^iudll j 
. 1 g \\f \\ j A_iC.l_iLaj^al (jdl^C-V 4 jar jj>3-ill dl ^ j^jdjoill ^■Luilluil ^d ^jl a 

dl jLuIaSI j dlSj^^ll L_lluJ_JJ ^gic- 1 3j)g ^11 d^_)S^JJ 

JjjnS'l L_lluJ^JJ tAAda 0 d iLlii J^ill (j-JJ S-LaII a^)lS (Jc-lij (JLaxdAj 

(Shear deposition) <j-aa l-ii^jj A-AJ jj djjdll aIjLuj dUldl J jla ^^Jc. ^jjjjx^l j 
t> 2 ^ 37 ' 38 - C W. l>« ® j£ J (PTFE) ((jJAiVI j_jla 

aLdl (J^la cs^ l *- r J l^ J dl ATP J A-a-doll dlAjj^ll Ailda\_J A^-^da dlS^)^.all Ajlda^. 

* ■* 

iaj)}-a^ ^^3 ^jj^j^lAll L_Lluj^p] Ldjl s-Lall a^jlSll (Jc-liill (J-axdol .PTFE dlilaj-al 

°' s K ^ 

a jjiillj ^ jjuj^-o (jdSl .Adj^jjSJj Q^^ly^ dLa ^ja 10 pm lg -uajC. 

L-Liuj^pl] ^^kl dLl^dl ^)!1 uj 1 C*’ llx>»‘u^il .ATP 11 Aildaj ^xj JajJrsll (J _^)a ^gic. til^dlJ 

AjjjSjx>ll dlnniVl (Jjj Aj^LuJl Ajjlj^gdll ^Jjlyd'l d^lcllill dlnn’iV 

lS 5= 5= 

c" ij. w *>” i~\ 1 (J-axjjujl j 17,-S .l_ijL^jj Aj x'd DETA (3 -0 SAMs dli^laj Ij^il^i Ajj^ /dll 

(_pa^)C. ^ J • _>a 11 Ji3 A x^i.ViA t fll xi‘iS"i * til ^^3 AjjjSi., 11 dl \) n*iV 1 j nSll 1 jj-a 

c.“ nl Aj Aj^jj^aill l_i3l_jO J^i^l (JLaxJjujIj jjllLj A_i3 Ijj^)5Lia c" il» j,\‘i ^Uaj 

jiaAjai A\\Ua ^ jhxxi £-a A_ilk £^la ijjjljJI dl, n n'l^l iu>i^ . ^jjjj'nSllj 

a£j^ ATP Aildalj Ic. Aj All ^33 ^3 nSll dl3l3j (Jldjl (j-Q ^>Vi .DETA 

.dl3l3 jll (jljj-^ J L_il_^uijl 

1^1^, (Jij ^aUaj ^1 (jl taLdiVl ^ ^ kti \) U^j\.^H J 

t A IS Jdll a^A A^JI*_a1 . Ajj^Sj^H dl n nOU ^jjx>jl^ill A_i^ j!ill j dlilaj-aV 1 (jjA 
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La£j^j — djLajL-aj (JLajLLujIj c. AjjjfLi^l C!jI n n'l^l ej^Lojj HeSS jjjjA 

ja IjjjfLiA Ax h*-ia A AaU A_i ial ^9 ^ jjnSll jljJAl (jj^. ^.A-L^aIa £a 

jlj.l^j A-jj jSjaII dll nniVI ^.llaj^aJ La^jc. .1 (jm J^aC. J 2 (Jill j^ajxJ jlfiijjJ J jJI 
ClA \\ ))^\ ja &AKa JaL«ijl jJjJa^lil A '^aa Ajjjjia d^A . oLlill e_Sj^Jj Sljiill 

]^a *ia\ 1 t al gjax^aVl ja I Ail V AjjjSja dll i n \ il t^Uajll lAA ^9 . A ^3-a x^~a a\I AjjjfLi-oll 

. \ ^**^ ^** v A^jjjj A_jjujj^j 1 ^ \ ^ i 

L^j£ij cL_aJaj-aJ 4 jjjS)a 11 djl. n mVl (Jx^. A.AaUII jjl^jll oAA jI^aLi A_j| £_aj 

c. ‘qx.^1 ^j£aa11 ja ^ u*aj djlal-llA jJC- LljjfLiA ^lJAaI! Jal_AjVl J»>j .A^^,^a jj£j V 

SaLa ^^9 JaUjV A_ijj-aJ A_jjg ^ a Sjjj^a 8.22 (J^ja]I jJJJ » 1 g jJj AjjjSjaII ClA,\\\\'\^\ 
^a CIiIaI A^ax-a^U j^aj djlal-iiA jjc. JaLa^l ^Luljlj ^.1 (jm A^IajaJ LiJjjJa oja1£ia 
1^jl9Aj j A-j jjSjaII Ciil nniVI a£j^. ^ ^ >a"i jl LiJjjJa S jaWa'I *EaIa 1] A_njl_^JI 
.AjjjSja'I ClA n nOU A_i^.jj j L_alilaj-al c*1]a ja jiiii .Ajaiij dL^j^I ^ a£j^11 1 jma-n 
jl a! ja^I (JaL^. jj jjii^ (_£ I ll^.V c^JajoJlj AjjjIlJ CAl n nOU Jj^yUI C* nnill 

. l-i ai\ 1 oL^jl (J^La ^5^” J ^«^JJ 

lill Jjjoi L-Qj^a A39 .£jIa <j9Aj (JIaxIujIj aA ^aII A_i^.jjll ^ ja. 

^.J^Aj aAl ^ jj ji£ jj9 aI]J>Aa 4jjj£ia cAUmjl Ij^.jj ojXajj (Stracke) 

ja "AjI j" A_iC.^3 o^ljJaA La1_ui^.I 1 g J~s jj CIiIaxjjojI j 

(Surfactant) jj jj cjj^> oiA ^ ^.^jj^la]! 

j] . jj. J*U * ng , ' (j jJjJjJ — oc a\ x>ia ^ 0* 1^ J l^JaJj jja. Ni-NTA Cljlixljj 

j2 ^j^jj - OC "^lj" ajUl -^J^ A-3j*Ji o^A Ajjj^aa Cjlnnil cJ^*^) 

c jl (J9 Jja1I ^jLaII ^-a-ujJ Laa caA^.lj A JaVii ^Jajoill ^Jj AjjjSjaII ClA, \\ \\ '\^\ j-° 

jJj Ajjj^iaII Cljl^mAVl 



jlaUj ^AC- A •> j 1 CjI nni^l aJxaIaII (Ratchets) "CjUaHuaiV ( 8*22 jLu Jj 

4* fUll A^hUII ^Jl Ai^lill AjjjLlaII Cj\ nnofl joaoII ^ jkj Uj j^sa $ jaImaII E aLaII j a n 

. fLjjill A-jla^ ja jAL (42 I^Ia laI^A ^111 A^ -\ll JC- jlalll ^JaAj 
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Vill j^^jxill ^jjJ) ^»LAj Axjj-IaA J^.^U1 (_A*-11 (J^.^1 

(_j-o ^A ^jjaiLall ATP — 11 • (_>^a3 ^9 jjujLq ATP (JLaaJjoi! Jjj^)A ^jC. jjJall 

£. jjJoj Aj^Ljaj l A>. Vi ^r u^ij <jl ^ i^x>j ^jLaI! (JlVill (Jjlii ATP 11 

^*J . LajLg (J1 Vnl ATP 11 Jajlj^)ll $. jx>>ll _jxxi^i ^.~^xxTn 

AjxxlYl C^^xx^nll (3^ £JjJall I_£J «AVl,a A x>» 1 ll ^J^jujLgII ATP H j 

^^3 ^)jjoiLa 11 ATP 11 (j-Q 20% 4_ijlj 30 (3 -51 ^ x^n'i^ o J.Wxa 4_ii<G^j S^pi! 

L_fl3 jJ !>\j (_£,H1 ATP 11 (jiali^jl 4 >jTi (j-j^)\l^ll A^-^xji ^jiali^jl A^^l j ( (^1 A "ill 

• Ax^aJJ 


\m' 



JfLij ^ i . 

CyS-GGSGGS(HiS) e 

Oi*jH 

(jj-iiall^lo. 

T Jja Cys 

^jjjjjjllj 

Fi-ATPase 
(His) l0 
Jflij ^LLaC- 

SiOj AjAx-j 


djam , Ja 4^uli ^t.n.i *> LaA Ajjja Ajjjja ^ _jjU Jl^aJ jLuull jJI 9.22 JlLJI 

(jjJj 4 a-\.^i<i » jlij :£y-al1 . (jjaaall (jjLjlalL t~uin1) F j-ATPciSe ^ JJ (jo* jl jJ 

.dit _jlaa, aXC. i 5 i Lu|j JlfraAt £aai .“Uajljllj AjjauII jjUjlaJI Jjaia 

Fi-ATPase 4 -aj 12 4L-\ft AjjilS Sj^ai uj. 2.5.22 
Fi-ATPase-based hybrid nanodevices 

F|- JL.Ulla.lj Ajjjgil 0 ^£j J Cjjl^JJ *LllaJ^ CjlaUj Ljaji 

.* 

Jajj tAAAla a J] 4_iiij jjJI djl£^>^<Jl c 3dLtli o J>g_^.VI *ATPase 

djljYq ill Aj^x]1 (JLo*JjoiIj » dl^j^xill ^jlj^ll jjJaxll ^gil A^jlj 4-lxjoua (J^i'ill (_j-o (jLidaS 
^jIj^J^aII ^LQ_ja]l ! J)1 g ~N 11 ^l^^.l ^ A xx), Vi A clajLuj 6 ^)J^Aa11 

c.** lA^k jl tAjjjAiill >^iH ^ A x xil Jjj . g 7^11 AjjjJaC-^Ul Cllljj^^ll j t^u^a^ll ^jjjj^)21j 

i A» Vi ^jl djlc.Luj a^c. (.“ilx'uxil j tATP AiLdal ^xj _)jdj ^jl u>»qll 
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^Jc aAKa A ‘^SaI ^9 AiiJj (9.22 (JSxaiII^ ij^\ 

(JLa*Huj\j A_i^L^.j ©jjLuj jj9 JSjjSI jA 50 nm Ia jUasI jjI jj AjaVL a_jjja cS jjfajll 
ciSj^A jjSaM Aj^^t jl jjIj.aU Sjjxj>-aSI CIjLuAJLaSI j)AjJaj .4jjjjj£JVI AAj^ll JIjCjjjS 
jljjA $.Ijj 1 jljjSI nj.>iqU A_i^JajaiSI CljlclijSI jA i— Sjl aSI (." n^k .A_alaiA (J£ ^9 .1^,1 j 
IajLLa JliUI jl£ IaSj .100 nm ojJ9 j>«j -S^aIaSI ^J^jS! ^TxaSI j'Ya n ^Jc jig Jl 
l1A£j^aU JISjjI jjlxj jj^aMj .jfLiiSI jA ^Uac. Clalj diLalc-J dii j^j tjAiAlUl IjJ 
djl^.jll CjLojLujI Jijojl J IjjI jj (Histidine) io ^L<uail j AjujAua Cjj^. i(J^JI jlaljAj 

. jjjjjUl A_iC.jill Ijjj J liSI 

ClujJ^ll ^1_1 aj£ JIaxLuAj \ I^AA A_iC jill Laic dJ^. JJ (JfLiiSI C > U).>l9 jjW'l ^ H^li 

j jjc. l_jjLujIj Ajc. jill Laic. ojl^. j J Aj^. jaSI (Cysteine) j jL jxUI Jc. 

Ijjjl^j j l_jjc jaII jlLaSI jjc J l*_Ja ja2a jjjlujjjoJl Jc. "^jJI" F r ATPase ^ jj 
a_u5j (JLa*LujI Jjla jjc. 1 ^_j (Serine) jjjjjJI JIjIIujI (_£j^- tAjcj9 liSI o.i^.j jjc. 

jj9 j^I jju j*. j jjjjjuUI jc. A_^IxI1ujVI C1jj^.j .£9jaSI j^J aSLja CjI jila Jj] jj 
JS^SI jlajl^ (JjxaSI Jjaj!)Ij]I jLkjl (_£j^. c dal jjjxMI oJA Jxj . jl jjSI jjJaxll "Aa9" 

jjjjjJI ^jl-aj ^jjj^. jjj*j J FpATPase — SI ajjj* Jc- ^5 (5.22 

jjj jjJI (jjS»"n J jSLlaSI j LjI j ^ a^aII jjjjjjU JIjajSSI JjJxlUl £Jjj .Sjjj£ lIjIja^j 
C1A£j^-a1I JjJxj t.‘Yu>i^k j c jj JjjtL jIaSL JaJjSI lUSj JJ j cLalc. jjJJx jJjaSI Jl JjajSIa 

. (JfLiU! j-° ^Lolc j]I £a aJjxaII 

LiljcjlU JIajLLoiL ;750 nm Jjiaj 75 nm j^»Lj ccJ^f^l jl u u^» 

.CysGlyGlySerGlyGlySer(His)6 Sjjj^ai CjI ,\ nnnl jj £a CiijJakj CjLjjj^^I A-aja. 
Ai jaII c1ijjj^]I g.1 )a)Sj JSydl jljjJa^j a'^aUaII jjj j )g II ciAajoiIj (JI- a *- iuj I 
Jjc. t jjJjjJL Aj^JUaII jljjJaUI ClliaJj * jj/u^uUI JjaULa jjJjjJI jj]*lU o^^lcl 
Laic. SJ^jil jj3 «^J^ ^a]I jjJj^lL jJjuUI ^a t<Lalcjl! j cU j*\ aII dj\ x a Vi ^a I^jjLA^ 
jjILI .J^Ljj] ATP —SI jUajjL t!>Lal£ 1 »JaVi 1 »Aa ciUj Jxj jI^aJI ^r j^-al .AjCjUI 

j jxaSI j .Ajjx-aj]l Ajjg > a\L Ja^^lj] ^ Laj ojjj£ lUj^-aSL A^IxaSI jl uA^SI jLul 
.AJliSl jjJic. 1 T’l A^wLIa jSlj t A 'Yaa ciUj jiA JJJ^J Jxj-al dilj jLa jl 

j^Aj t^jljAjS (Jjja a m.Vift Jl FpATPase cJaxJI jA Jjj-UI (_^jI J^j 
A ori.ViA ^J^- 47 ’ 48 t jJ*All JaJjS A_ilijjjj djljjij (JIaxILaL 46 .Ajc j 3I Jic. Ailijl jl aJjx_ujj 
SI -SaJJ ^Ija jc. A_Sj^£aiiA A,iSaI Jic C1 jI£j^aSI ^9 ^.LjjjSI jj^V -Sajj ^Ija Aj!>Ij 
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1 Ag x>i» \ AjjouIIj IliiJj lill j\\ 6(_£^lx]| (JjxjujjII s-IjjI .ATP 

(jl^A lliiJ — lAll ^ Aj^a .lie. 6«ll.laJI JaJ^)ll £31 ^a AujAaA dl^^j i 

£a aJLjlAj IgJli j* ^Ld^ill djljjjl ^jj£j Lo^ic. . Lnjoii "* 4-a.lJi] 

1 g *s-ix ) ( x-o A lj\»3 UJ^ ^ )-»/^a ^ g *.J <Q > Ajc.^)i]| Idijj djl.l^.j U^J 

£ Ijj jj £iIa AiLdalj l_i^LuAj j I j)\ ^)£j \ g \jat, dn j dA^j«\ a \1 o fllajj . ^axjll 

.jijjjJI qa ^.IjjjjII Jjjj ‘ (Chelator) C5^^° j ^ie j 

^12211 djllukllt ^ CjI£ 4*12) 6.22 

Enabling molecular motors in technological applications 

d±iol3^j ^lill 6^_^V1 LS^ AjJJ^aJI dA£^)>kA\l £LA.l] 6^)5 Lia]I djV jI^-aII diilc- 

^Ic. jLaJC-VIj to^U-aall jLaC.^J tAAiSJl ^iC. ^Vi\l dAJij tAjJaiadAll djIdjUl o^lc.1 

(J£Lola]| 6.I3J (J^la. » A,\ \\ t i\l Jaj^jjudl] A_i]l*JI AjjujLoi^JI j ^jLaj £]1 Jj 3^1! 

# > f 

La.13 ^ x^iaJ (jl JI>a'I £lajoiJ 66 ^}a a1aI£ i— aj^x^n 

Diercted device assembly S J$aSU <d>Al 1.6.22 

Jc. 6-la.jl JA HI £Ja V'iIIj A -nViaII A n-sg W AjjJaJl AjJj^aJI 6^_^.V1 Aajxj 

AJiftl AJU ^3 ^l_mJ (J^dn Idia. (J-oxj C5 -^J tAjj^All e.l^a.^1 

IgJ jl tLnjuii !>Lil3 Ajj^aII (jjfL La-IIc. . AjjLiaj£11 j A-i^.^jj^]! 

£.Lii] ^ u*oj ^ (Jj\^k a ^3 Si jW a j\ tS^jjat x^i ^Ldiil CluljJ 

AJjWa'I 6 ^-^>U Lial^ jLaajVI ^^ic. ^\\J\ (jij .1^- 6^^.V1 

jL-sajj ^jl ^ A^JL*_a c > i\W‘n jl Ajjjoi jLdijl ^gajl djl j ^ 1 ^^.1 

^ul j 1 g » a ^C.^j cJ^-dj L^_LaJ^)j 1 g £ jJ 1 ~nj 66 ^2 ^^a1I £a djljjjj^ill ^paxJ 

^Ua (J-fisj jl djl.Ajxa^ll 6 jlj^J ^^L-salill Cil ^ ^jjxxiVj AjI ^a j 

_jjC. AjjoiAa^JI (Jl^joiVi jl 6^)jLill ^-laall a]U. ^3 l-i3l^ L>^ dilj 6 ^JaViH Ai^jC- 

AjjIjj^II JIa*^J A ^aa '1 dj\j^)lAA]l L^'^] .6^-^!>Ll ajjIx]| 

Ajjj 5 Ll<i]I CjU j£JI j DNA Uj 3I a£j^. C n/Vil t.-iLx’i.J ( __ s IlSI c(Electrophoresis) 

Aj ^^ jola]I JJC. CllLiijj j )j]l <1L^ . 4 . ~n ^I.rt\1 0 yz ^3 ' *^_ljj^3ll]l 
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(jc. 4 jJalaLlmVI (j^aJ ‘(Ionic buffers) 4-UjJ dll^L^a AjlIi^joW CjU j^-all J 

(Dielectrophoresis - DEP) Jj*JI S j-oIuuJI jLulL ® j^gJI 

l_gk Jlo 1-1 at IV DEP (JL<utliail . i_j jllLo jl-ij jjjlaj 

(Jj 2iLiaj 5 “.14 nm Jj UjUail Jj-oj (JjiSjV CjIjj£ (jc. !>Ljaa S1 t250 nm jiaill 
(Traveling-Wave 2 ^ sq ~\^\1 sliLa. j^ill jiltij M ,'jc^ J j*JI (j£-oj uilli 

cjjaljj ^^ic. CjLjjjH] jjjj oj_^oiLill ch bujoiaJ l Dielectrophoresis-TWDEP) 

f. Lul J|l dV (j 31 (jdftJ • 1 g X A (Jddl J dll A_J 1-^-° 

dlj j£-q JldjJ j DEP (JLajdaiL ^51 j* ^gk dlj c" n yVn a u^i^x> (Docking) 

^ u^ij Ajd« 11 ^)I^£j J iTWDEP A kiotil dl j^>JI (j^d ^AMl dj (_£^kl 

TWDEP (Jl-ddlj S^^-VI aJI jl (jdaJ • 1**0 7 ^ jl^aJl 

.AjL* 1 I 


Control 


fSaSJI 2.6.22 


jj j n^ll (Jd dl^^^dl (j \\ . Igdli j 1 g'nqjA j (j-o 'jig ^AVill .la jj 
^Jl (jidu ^^uj! ATP $.(_£ j^-11 ^jLo (Jld el^aJ l$J A jjm^A dLJI ijjjjjdl j 
ll& £-1 aj ^ . l_jjj_jj11j t(jjj£l j Ajj^fdo din nit ^glc- dljl£ til o^xa djM Auixd 

clili] .Ujjl£j £_xa ^ic. ^ l-odc. J jii ^11 _jlAj (J-a*JI (j-o dl^^^d 

(_£_^kl L_j\jjolV Ldjlj A_udij i. t 1 UaiII Sld-G A \)>^> jt-g-^> (_^t dV.\l*lt J dl A*\ Vdll A >. XI. Vi & 
d jd. c Og i cA mxi dladdl LiujLujI jt dl^j^^lt Jjjuaij ^da 

^Vi\\ jl jl cdxdVt (jd j 

^l*JL (JlxdaVt (Jg x*n La-o clijljj^£ dajj^All o^g_^Vt L_lIaLd]t (jdcJ 

A_ijlj^)gd]l dV ladt a Utn ^jl (jdaj . J)1 g ~n 11 <c. dl _jLujV 1 cJ^ J 

i u*ii cilli c"vWj jjl (jdaj . Ig \ac- ^ j£W dl£ j«d dlliij^JI o A^jldJl 
(Jdd Aj\ Vuxil jj-o ^.t'j^.l da^)d ^^3 c > lun'n ^9 A,\ ik>9 jl Ajj^ x'd 

jl AllaJJ ^ JaLdll ^gk JJjJ (jl ^gk 1*^-1 •C3f^° 

^Vn ^Ilit cA_lqLola 11 jl AdLadl dllijj^)J! .LqLqj Ai3 jj 

djljjj^^jll 0 * >■ ^ S * ^ Q 1 I t Ajl^Hjoll 1 ^ lo \ tl i ^ 1 ^ tl \ \ 

^aII dllijj^)Jt (Jjdil Ajjlj^dl L^jLljalLal^. (JLadujl (jdaj jj 4 0 ^gk lg-ud 
^)g.kaj .1^. a (jl dllajj^ll od (j-o (j^i» \\ Ada^ll AjI Vu*ij/I dl^jjil (j^-^ 
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dll AAj Sic- Ualdj tljjAa. c. WIiVsa ^xa-uj qSjji jA j t(PreStin) (jiiuJ^JI 


^ . Jj^)A j'j^L 

; f 

,<jjjjJaj AdLlAJ^ dl V Aia A_LxujI^J (JdaSl tj£jdj ^»Adj (jl AS^) ViaSI oj^^yU j)^AJ 

^Jj 6l_j.2.2.3 ULLuj ^j^^aaSI s.\jjJSI (Ja±a cJ^° tjjdj^JI (_£*^jj^ u^ Cfi A > 

AdjdaSI j^Aj . lg"n n J (_£^>dl A_11 ^a aI ^a jl dilij A^^. ^S nVu/i o j^J 

(1. 2. 2. 3 ^*^11 ^^3 (_£a!I ^j^xAaII ATP SI ^»0aJ (J!ia aJ^SIj AjAxiSI ^3 Jjj U^ 

0 J o^joiL±a 1I o' £A J . dlLillj^ll £a o_jAuLia Jc.lijj (jl 1 g ‘^aj jl 

a A Anil diliij 3 ° I Iaac. iASIaa j£l j t j)VI J^. (j ,( j*\Ti (Controls) dil a^VIaII 
j c(Rhodopsin) (j^jAjJI j c(Bacteriorhodopsin) Jja Id jda 

(_£A £jjdal (jia^)xAll Axj Al^LaA dll^iiA jl LiJjjJa A‘‘l Wia A A A) 'll tAll'ld ^jSI cl_^ 

.A ij » a A_i ^. ^a (Jl Jal 

^_3 J J J-a'*l Jl Ja j)C. (Ja^JI jjjx'n iAS^^aSI JaLaol jjl ^JaII Jadll J ^** 1 (j^AJ 

(jl£ IaI c aIIj (Jxa Via £ j^. (Jaxjjujj A3 . Aj^nJa \k a jl Adlj^d di^l^A 

Jj^laSI J . Jj*\ aII IgJ (_pa^)xlii Jill ( >. mil oj SaLiJ <JL^-aS A_da^)C. 

,<C.^ ja i]l ^ (_^jdlx_A ^lixd (Ja^II ^3 ^ixj J (Jjl^j**i3 tAdlj o^.li£j (Jaxj 

AiUa 2 ) jjLa- 3 . 6.22 


Energy sources 

tl^iJ^ J 3 jAj-aA ATP Sli AjjjLJl Ajjj^JI diV^U 


JA1 


Ajj jll (JIaj 


jrUil Jl Ajja^. (JIac. 1 0jtij diAl .Ia^ AjIa^. ATP SI j)A SAAdiA AiUa ^plx-aA 

^a F 0 F r ATP jlVu.) (JLaVIujIj AjAml CLl^ >.s-i)y2± ^3 » jt^illj (_£A*a ATP 

58 .A_ic.llkx-al (Photosynthetic) J 55 57 (BR) u 

ici Cj\jjjj^)Jl ( J^jj lij^Ja A_lajaij A-ixJa Ajj^j_5^)-^ A_Vj»^a > i' ^ ^ 1 

^c-Aaj LaAIc. . ^jjJaVl t jSd (jjjJ (j-aLx-aliAl Axj A_iiVll Jj jJ^)JI ^LaxS! 

(pH) j_jaJI ^axS! j a Wwi'1 J ^ jJj (Jj£jj w a.j\ A. \1 ^ jlv Jl dj\j jjj_JI 
6 ATP Jliui AjAilil AiUall ^jja^II lAA J jJ .l_ijlj^£ Li^-jJaLij lj ja£ t Aj'^'l c-S-^C- 

aJ_iaj£ j^^ll l^IiaUa (JaxLujj cA_ilkll c-LaC. ^iC- dj\j jJ j^JI £-l^.j)l Aic. ^(^311 

(J -4 ^ <^1131 tJjlAj AajIs jJJ] SaS^aI! a a A’iVI daa (jVj .ATP SI 

. A J J 3 ° oAj.Wa Vjjoi A_ia£ 6A^^jaSI 
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Device fabrication materials S Jlj-a 4.6.22 

-^I^aII ^ja J \k>.s-i AjjjJaC-V J Aj^l^. (^ja J) Cll^l s-l-ij £A^J 

Clilj ' 1 V 1 i. > i~nj tAjiial jjl! o J>^ a^A .1.1^. A ql“r^ a (JaI*j j A^JIxa CliUlkiA IgJ 

AjjjJaC-V £_lix-aJ dll^jj^ijjj ^)J^laJ ^]j . A-j.\JVl jl^Aj Aj-salV 

i ^ (. Ajjj^J^JI CiI£j^a 11 a t n.V^ \ Ajjj^J^ Ajjj^. Cli'J 

V ^IajaC. j (_£ jjUll ^jaIui 0-Q^J 0A-uij (jl l^jUi <ja Amj 

a_JjJ>^JI cIjI _j j^jiuJI jj^aj JjUaIIjj cAjjj^JI . 2 ! ^aII aJ jg a«j uAill Alnll (3al Ji 

. CiL/Lx-sa ^A^ t iLx-ajl ^ lU/l"l dll A*_aj lA jl ja j 

Aaoa1^_a]I (JvIj Aa^IaIIj pLoJtJlj aJ^jj^aII ciAjjjj^jJI ^J^pl j^Aj 

l^J :AjM l_jLiuj^U i_jjC-^ja Aj^jjaJ^JI AjjaC-VI (JIaxjauI (j! . Ijjj^. Aaal jIa CIiI^jjaJ^j 
A_ iL-a ^ a! 1£ (_j«ajl >/tn (Jjj-aSj (j^AJj t I,*!* Vi ^jj£I ^Aj t Aj.^j nlll AjjaC-VI j)A (J_^3al ^}aC- 
Aial jj jIjaII <jA ciiii! . ^juLj £-* t> . u 4Jii] Ajjliill j A^j jjj£JV 1 j A_ij jjVI 

dll jaJ jJI j ( (jj£>LiaJ! Jja clg'iqjh j ^^Ac. JalA^JI £a A_i3 dlliijj^jJ ^l^al (jI^aJj 

S J^^.VI 59 .(^l (Jj^j^l^^gJ^JI j j cAja^L^JI ciA^IaaIIj t a g jaaII 

4A_ix_nIa]l A-ixuC.!yU jlsuVl AjjIjjII AjtnJall ^cjaIIjujj (jl A_iiijj^}JI Alnll ^Jc- c > i~nj J* n^k 

Ajjl^^ll (J^jaII A^jJ^jaII dll a j l^Jl j Aj^iaJ ^Jl dj^Lk-aJ^^JI (JIaxuaiI (j^A i 


60 


. A. idc-^H 


Engineering issues AoujI iA ULiaa 5.6.22 

AaJax-sdJ ^jl 11 (JaxJJ £ U^-l (_JA ^j^Alll (J^a 

C1jI£j^a1I (Jja Vi V . I ^^)ilA AjI ^ja ^ (J£ dilj j£aj ^ I I l^jJa^j 

c > luaTi (jl (j^-aj (J jil (J) 

^j^aj . l§_ia ^Jjj j^)JI Ajasj dillnl l^jJaj^)*j V j ^ l^aJ>Aj jl l^jlj j£a (JL-aajlj 

A^.^)^j A \i>g 11 l^J (jia^)xjj (_^^ A,j n Jl L-flj^Jall jl Jaj^uJI L_Lu-£3jj 

£ JjJall£ A^jlVJl (Ja1j*J1 4L_1JAa]1j L_li£jjllj 6pH 11 J 

• \j^ ‘ (UV, IR,..) jl-^Jl 

JUIa Aaj .^^aljJaj ^la ^)Ax-aA 1, x^ajl ^A (J;i*A ^^Ikl.^]! (_^ j)j 1 Jl (JaI^JI 

^ja Aillill Vlnj <_alljj l** ij^k (Titin) (jj'ij'ill (JIja jA l^i2k jj-1a 
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^gic. AjaII £a "tilijj" ^li]| o^jit.x^all 4 jj^)£1I J^IAaII ^ya 4_LaLa 

^5-3 i^xxiy) cAI^^-aII ^W'n Clin, 4 j \)>g 11 C1 A£^^a1I o^_^.I 4_1L^. ^ ^ 

(J£ LgJ (jl ^AjIaII j>A ^gllll cCjIaI^^VI J ^gAJJ (j\ AjAaII j)A C^kl 1 A), ay 

. j)AA]l ^9 o^jjJaL^. cJaj|j^)ll j)A SAaJ j 


Conclusion 


4 -u£tU 7.22 


145 ^cJliLoll cJ^f^ ls - ^) ^ jJI ^ j_j*-a3l a£^>^-a1I CjUjjjjJ! aac. (jl 

ClaLoju^ll AAc. aLjA j! £_a J^u^ll ji^l £tJij\\*.aj (... t(jj_jii£ 268 t j)jj jja 
diij^jj ^jm^J-41 1^jI£-g (Jil^ii] ciAAjI^]! j>A aja*JI dj^^Iaj .L^IiLoiLjj ^^lill 4 _LgI£1I 

j)A ^)4j£ AAC. Jl ClAliJIj ‘-^■^■^ AA*J (_£Al . cAIIAA Ig-GC-Ali] 4_j JaII l^jliijj^J 

4j^.^)Aj cpH U txJJ 4_alii»A A J^aAlnl j ^gajl >/T\ iA]^)^a (jl C* n*\ (.A 4“'i , n < g\I CIjI^^^aII 

^jJajliljjj 4 Aj^jla]| l1iI£j^a1I ^±1 A Ac. aIjAjI £-g .(_£^kVI 4_im]l iaj_Jii]lj tS^)l^)^JI 
IgJjJj CjIIjj j Jl oAA 4_iAj J ^jjj . J^xTi j 4 _a£^^JI (—AjUsJIj 411*1^1 4aI*JI (_£AIaa1I 
J 4A^)xa]I ^aAj £a . Cl_LyljA*j jl 4j<ai.Vift iAIjI jLik J 4 ^. jj to_jjAj IaAj 1 1 g'nn AjA^ j 
.4_ixalj J£l I^)a! Saja^. a^^^-g djlliij^j 4_i}l£-Gj ^ h^'i &aa 

c4_xa (JaIaAII jjLi 4<9j^all oAg_Jj t (JaI^IIj ^C-LiLaj^al iA1^)^»a (j^AJ j)4XA 

4 L^liAjJI ^ \(~- «> Vo ^ i Q ^p i n . 4_]^^_uJ 4 t*iV^ c 4 tAll^JLx-G^ £ 4 » < *u ^ 

(_j-g 4 _LgI^ ojlilujl .‘ijq Ui.n L_fl^jjjj t 4 jn'ij ^21 _J 4 C- Clallj^.G'l (. t JJ j Cljl-G^i*_A]l 

. 4_j ^x^aC«^Lil^ 4 ^i \ I sLuySU J-l£]l ^^4! 

UJ^ cA fcti.V^.^Q 4 \)>& Ajj4^. CjI£j^-G Clj|j S-lL ^ic. 

A£.^)juj ji a^.li£j ^1 g ^!>UajJaVl ^g-ic- 4 ^j.g ClS^\ A .g J o ‘il 

t4J^A^J! A t Ux).V^,H ^)oat X> JJ^J^g'I J c£jj£U]! 1^4^44-° L)^ 

.4Jj£a] 1 lA\j!)Lklj 4j*s\l A aI~i OU ^^jcnlall (*•• c^cjJall ^(Jjiuujli]! 

^gAc »~ }W 1 g ».^ix \ SAaIxa AjjLxHa CjL j£g (j-G CIjLxa^IiII dAA C1j^.j tciilj i n i.) j 

|j|j . J/u.li ^jjj^Lg ALg Ax \ ^g3 — 4_i]l_^JI 4 j < qj < qx^“i 1' J)jl V'n AiLtlill ^)-g ^jjIjLg 

li jl )oc-l JaVI ^ g *^aj^ c4 m x>\l I^-aI^-a e-\S^ ^JjaII (J^l^Jl 4»j > iJ^H CIjIajax-oj (j^4 
^ic. Ig 'c.lijj ^LiulVI 4_iii£ ^ _)4^ ^g-S] aA^ L_lilLujl ^jc. 

. Ia^)^"i Ti 4_ic.Lllaj-al c1jIa4a-u£3j ^1 ^)4^ ^gJj Iaa ^ULgI! 
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1 g A-ixAiLall daVVl . Ia^. ^^aIa !^J djlx3jii]! 

3 yA J C^^)jaall 4jj9j S-l^XA ^'u/>"i Ig '* >J 3 aa tljjl j Jjl^JJj ljj| j 

f.\ ^ l_AJ A^aAaj aAlXA CIjLg^Ix-G 4-aiajlj 4L_ljaL^Jl£ Aj£^)-G 

oAfc (j.unVij t^c_uiij t^_3 C- S^jAlU (j! .AJ^i^. (J^.lj <LgI£j ^x>j\\y 11 

^1^. cliljc Qja ^Ixll ^iJu J ^ 4 j_jjJ A a)ViV1 

.4 3-aj x xi e l^l! ^j-o ^ixj-a , s nq'nl L&l 'iIax'U).)! j Ajjj^. Aj^jlj AxjJoj JailS i^j^\ 

A^L^, cilljA tA^-^IiAj g^Acia ClAjlx] (j-G <a]lkA £-1 ^jl £_ix-a ll^AS £Jjuj j!i]j 

£a . jl^ ^^3 A£. ^IIa £ I jaVij ClAjJ^aJi .laj^)] L — j3 (j j'Vu^o ^Jl 

(J^xjjjj ^lill C1 A£^)^«a]1 ^jjj aJ 9^juj C1iI£^)^«a]I ^j-g Aj^aII i— fll 

^^ill £-gj . ^jLuill ^^9 l_^jc.l_L-a (jl^-G^/h ^ u^*i oAj^} 3 c_ajUajj C1 iIc._jjuj j 

jjuj i A-jj)j^\l Aj^jlill CliVV^ e-l-ijj ^\)<g*^ (j-G AjJ>a]I j ClaVl - n a\1 dAA 

# > 
. Laa Iaj£xj jj£I 3^“^ 


Further Reading 


4a3lA) A* I J 


; aS ^p^a]! dlLiuj^jdl <U J . ^l ^n] <xjl^) Ua.lLa 


Mechanics of Motor Proteins and the Cytoskeleton, Jonathon Howard 
(Sunderland: Sinauer Associates Inc. 2001) 

• a\\ ClPlSjyjf\ y 4j ^LUl A_m]l Jj£- UAdo j ' . ^ 

Cytoskeletal and Motor Proteins , T. Kreis and R.Vale, (New York: Oxford 
University Press, 1999) 


»U<u£l' 

Biochemistry, L. Stryer (New York: W. H. Freeman and Company, 1995) 

: I^Lr. j AjiiJI 4£ 41 . ' 1 ’ij’i dUll 

The Molecular Biology of the Cell, B. Alberts, D. Bray, J. Lewis, M. Raff, 
K. Roberts, J.D. Watson (NewYork: Garland Publishing, 1994) 
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Questions 




?MEMS — 51 j Ajj^l A jSnK; . oi l aj$a,Vl (jJJ (jjjill La .1 


•F r ATPase j jjjjj-allj jjjjljSJI j-a JS1 Aj jpvii l CjIjjJI jjj jjla .2 
CjLimjVlj (JLajgjjgjlj Ajj^a. (Jij jaliaj (Jjxaij j a-Lij AjLaE ^ai/i .3 

.a- -a (Jc-lij 4 ali'^ La^jaa^Jj /j nah-k „ (Jiii t A_J j ^jSj-all 

5 1 >»» ’ 4 Alj jL2i I La <xja^-a51 A_ii^JI a j* Vy I L—ljJxll ^_yaxj jf'J .4 

. A ^ CjLall 4^jLilai^i5l (_ja 
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(j j Clilliill (Jx.roq\l 


A j &jUl| A 

•• 

Nanofluidics 

( *'lM 

' 1 .'J ' "' a 4 ■ ■■ 11 

.^JjjoaS c 4 JISj !3 (jjixui j^utum Ifyx a .Ao^jljjjJl 2 . 


Introduction 


1.23 


ciul£ o jjj r ^ .lie. (Fluidic motion) 4 _i*jIa]I a£^JI 

<_ja Jaiilij $.Ia]I (JUujl 6 (J\ 1 ia]! (J-Uja .aAi^C. Aj-ujAIA C 1 iVI-^»a <^a 

4 mVlg 11 ^3 1 Ag a I^)aI <L^Ja ^4jjj11j ^)_>^“ k “‘ £a ^ cJ^-°) 4 _iaLuia]I jI^aII 

(Micro (_£j^) 5 Lia]I (JaI£JI (JjlVill ^Uaj jl ,Q ^" ^ ^-s-a (JL^j «^j . 4 _ilaii]l 

^ ^ Ijji^Ia IaIajaI total analysis system-jiTAS) 

^Axa LilL^. L$ .via 11 <_£Aa ^^Ic. j-i^llj (jj^VigAll L_fl^ij -£3 


(Jj\Vi dll jjl L_lliaJJj dl j /*Aa ^3 4_i^. ^IjdJI j 4-IjIjaj^II (JJLdll 

C 1 i 1 _ia£ oIa (JjlVill ^ il A"n tciilj 4 iLd^l-J .o^)ALa]| aJLaxJI ^jC- ^LdS 

\,g \\c- (_£ jl^'n ^^lill S.^xaII dl jJ-a'sll 4,nxll £.l^)^.l (jl^3 lu^i Am 11 <_ja A a*s 

c s > 

f Uii Vi (jl£ I jl I^)jj£ (J^Laudl o^A c. <nVi d jxm . 1 g'nVn j Am '1 jj.dA'i 

J-L-aall CIjLiIaC. ^3 ^\-\ Vi 11 (jjjl j3 .ViVi Ldjlj .1.1a. 6 jja x^a jlxjl (Jjl Vlll 

^ajg ^ A (Ja..ll (JA (JjI ^ . (Jx^qll <jl nJj 4 £.^)au]| C n*\ ^JA La^aC- ^\* X A ill 


(*) 

Jongyoon Han, Department of Electrical Engineering and Computer Science, 
Division of Biological Engineering, Massachusetts Institute of Technology, 
Cambridge, MA. 
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Ual ji. jjLaj (_£ jliJI cJj^uaVI jaUij IjjSijI La-ljc. ""Lo j!iLa jj ^ jSi jA 
1990 ^ Jaia 4(j^lj .(jjfLiLoi 2ilij jja \jjj£i^i J*Joa 1I (Gas chromatography) 

(Micromachined chemical LjjfLfa Jx^all J jlVil l ^Uij U j* jj^sj lSJ *■ 

(Micro total J jW’il l AaJajV '.AjXajj jjla Jj5 qa analysis) 

liCigjjjVI j JJall Jla c Lil jaJI fja analysis systems) 

4 " \ i (JiLllI A_lLl_3 o 4(J sVl <al£ll]l j 4 j .A' 1 Aa^Ji a 44 a A G1 

jUl-q j aa jA £aj 4 ^ . A aII 4 " 4 ! . . .". ^3 4 , A -x 4_l]lc- diG ^ ' a ^ 4Allx3jJ 

4 ' 5 . (Human Genome project) ^ jAJI ^ jiriJl ^ jjaIas Ji-a 4 
^Ic- »M Jh*£Xl (Jg-ulaj ^Lajj 4(jVt Ajlii 

AjliJl (JJsj 4,jjjjjjll J^aS 4(DNA sequencing) (_ pa.»aJ l JauLou 

(__)■. ...- 4 " 4 ( _ s jj^aJI jjill 4 A (;» 13 (_^ajoia 11 j J.. 1 Aiaaail j 4sAi^._jll 

’ A '. j L. 1 . >. .1 ^_A ' -4 \l jli 44j3^)i]l _] .A "11 Ajlj ofLa ^)J a. A. - 1 n" . ..1 ' J . M-4 J 

^jC- v ~^4 U^- 0 -) • j\ j±ij ^jVia& _J ' 1 -* " ^allaj ^3 djlj o£L<i]l o3A ^JasISIa] 


j . >. A a ^3 . J f> ' 7 4 jai ]1 ^_9 ^ j^j£xall <JaA£1I _) .A"H ^Uaj <Lal*JI cj j-4 a]' 

8 ’ 9 .4l J l >3>11 

(jli 4(_£jia. JSaaU JjlVlll ^Uaj ,_)AL> p,TAS J CIiLajVI sllAAala Qia. 

La ^ J 4500 qm J] 10 (_J-a l^lxjl jVI A-IXjLqj^) C \J < q11 4 a\ 

(jjAl 4<C. j'uaqII dll_lxia*jl jl ClA^lui^Jl jlxjl {ja CJIj 

^jq^k'n ^'jlVi ^Uaj .DNA SI j J!Lq ^J] ojLjoVS 

(J^juiSI^ 1 ^ \\\ Ai jI^aSI l_d^aSI (jjj Ji.yuSi (Jc.li!lSlj ^^joiLuj! (Jj-aall 

(JjS Vill ciiljVqM \g AjS^xSS a_ijujLujVS aAVI tdiVl^J! qa aj^xSI .(1.1.23 

(Jx^qll CllLiLaC- l“ iSxixfuJ (. Lj.bjSVi .l^j A Sx^IHaSI IaJjjS t^£- A-Ia3l ^. qSI ^ \x\ j t Aj.bjS'^iSl 

(c_j. 1.23 S_a£ iAjjljjaiC. Aj^uuS^j A3 jk>.s-xAj AjjIjjoiC. Aj-oLuia a^Lo 

(JLajLIujI ^S .^jjjHaSI AjjlA^jlill Ajjj^JI ^_i^jjj^aL^)x1 

a^-jILq CiLojILoj ((Agarose gel) jjjS-c3 jS lS^j^S Jjj) (Gels) Ai-q!)U 
A_ijljjjjc. A x> A'l^l o^S Ajjj^II q\ V] jj*sSl (Jj-aaSI ^S-uiaIS 

jl cJ^J! ^j-Q ( CIiLgLolaSI CjLaiIIo) A^.^^JI jIxjVI CliLLxui^oj 

jj A Vi AijlgJI A_uj^)ViSIj Aj^la^S Clil_uj!^)^lS A K/lixi ^ViSl 

. 2 k ( 3 4 ^ 
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2 ».‘il ^ J (i) AjjjU cAjIa SaLc (i_j) AjxiUjjU (^) 

jl^-a. /_£ (l) .jjJuLa jjllSI j (jjuLajjJu^ll <jjj <_$ jjaJI J»^i4'l AjjlLa 1.23 JSjjjJI 

Aj^Lula Ci\i »jU <^S (i_j) .AiujaJI AjSjaJ f <j jaJI j J3LJI (jJJ JAaj 4 ( ^*jUjjLm 

(^) .Ajj) jjafr Ajjjlj aJoluI jj IfrlLjC- j AjLujaJl LSJ^-i Jl« t.Aj_$jU 

*> alalia j I Aja, 9 AA^a JA’^'I AjL 4 Aj*jL> jjU 9 

x-ljj^aJ i"'lj *'<"'. i 4 » w ^..31 Aj*jL<i_jjlj]l 4 ^lA’iVl ^>2 jJ ‘(JALalL 
jl 4j_jjlj xajj^aJ (jVt (jS^al! j jiiJI (JaIxaII ^A 9 Aj^jA 4J1iIjAA 

.(^.1.23 J£2JI) 1000 nm j 10 nm (jjj aUjIj AjallVi 4jjjlj CiU^ij'V’i 

^LiLoll ^3 IaaL^j] V 4 qViA. a ^>Vi . A ^ji' 1 jiL&Il Iaa Ale. £jLail 

^A A qViA. a \1 ,-VVi , A \l oAA, J^l»"uiil (j£aj ■ ^jtjl a j jS-lajl jl ^_xjl_a ^5 j£La]l ^ ^ II 

^jlall ^ .(Electro kinetic pumping) ^al\ 4'iAjAp Aj^aIa ^Ua 

I - tAllAA (jl £-GJ 1 £^Loj 3 A^fi 9^)4* ■ ^ aIjljIj £jLa]l (J^lA AAli) _pjl ^Lu j)l 

■ " 'I 9 1 >»» II jja AjAxI! (jaUia £_ 3 j ■ (Jl 7 *- <21 lAA ^3 4 _uj^)^A]|j Aj^jlaill ■ " 'I jV I ^A laic. 

(500 nm (Lysosome) ‘^Aall Iaa (jajJa Lj^kll ^ ojjjSII Cjljj£&ll 

‘(50 ~ 200 nm) AjJ jaYl i— j ‘(~500 nm) LjjAjjSjIiall j 4- 200) 
DNA (j >1 - 0^1 1 j (50nm) 4-iajj jjaM ca IalumJ Ij ‘(30 nm) 

Jc-liill ^Ajj 4sA^£ AjxjLajjlj A^aiijl ^ .(11 nm) (Histones) CaUjIuua Ajjiiall 
IajLj I CA iUjJ^JIj All gJajaill jlj AjxjLaII 9_Au]I jjjj (JaIaIaII 

AjaI^)a] 1 9 U i l' <jxjL 21 AAull ^jl Laj .Ja9^-2I 4 . IjAxlIj aaHj^xII Jj±i Ja'uAJI Jc.li!ill ^ Ir~- 
AjaI^jx] U^a^jA ljajJ ^11 a ^jIa 4^(JjLj^— (JaIAIaII Jc-lilill Ijy ^ j 

jl AjxjLa^jjlj d 7 .I A I-.,,lji AjjjsJI dlLaiaLiJl jl AjjjsJI 4." ll n_)aJI 9 AA 

• ^ t l t 4 


4_iajLq (_yi aj\ t/i's ^jc. c^Lq^IaII 

. AJL^JI 4_iAjlA^jlul! djUu^U UJ.. Ui,1 /U cAc-^Ha ClillniaJ ^ I^JLa*I1ui1 

A_ij|jj4A*Jl Aj.’uVqMI j! _^a]I (__5^ c ‘ A^-dalj o_j ja Ijj^j^ja a1*_u1a]I j A-1a1 AuajIa^jLi]! ^ , 1 1 \ \ 
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A^^^AIj A_i*jLa]I a£^)^AI ^jajho* i AjLIxj (j^ - ^ (y* tA^Loi^l ^jjc. 

. A_mll ^j-ojJa A-Li 


^ jIajjUIIj <|jj%a 1 I <jAjL* 1! 2.23 

Fluids at the micro-and nanometer scale 

<jiaikialt ^yuLall JJC- 1.2.23 

Low reynolds number fluidics 

jAl jA^t Ijj^j ^cAx^sl! ^jjLiLo ^»lAaj ^jjjan LaAIc. 

CllLAl j t uJaJ ^jl L_AjA]Ij Clj!^)jlAa]l (J£J U^ -4 ^ *W C ' ^ A_ali^-A Lijlj^jAJl 


(_}jjl_iiLa]l AuajLa jjUJt j A-ixjLa a II A-uS^l 


(J -**- 3 £j 


Ul 


. LaIaj a q\"i j N , 


_jjJu ^ iu»i ^joiLojI (JS An 6 A L_njljVl jt A-iiB^i aAL^. ^jc. LaLaj c < a\"i j N a 

^jLaII ^ u^ij cA_aIc. a h>.si\ . (^ULaII a ql"i j Nx> a dAA 

a (_£jA (A_^.^)Hlj tillS'WVl Sj3 <jl ^^-9 ^La£a 

jA (Reynolds number) j-Jjjjj nc. c^AIjaII K/Kja ^JjAall (JaULAI 

L)a A^jLill liIlS‘WVl d jAj A-1^1£a A J Ualll A_1 aAV 1 .2-l^J UJ*^ A->a*)^a 

La£ c t nSj Aij . a _^. j^)UI 

^jlill Jj^aall 6 jA LVp 


N c 


(A_^. 6 _^S p, 


(1.23) 


^Ac. ;Laa |J j p iA ciAA Ax.^jaAI ^a V ^ 13^ AL a \»«o jA ^J^Ja ^a L *»" i 

^JU La j^)5Lia (_£ jlc. ^Uaj jI^Ia . (JjLuJI A_^. j^)]j AilA£ C^AIjjll 

^AIaII Ac- _jjuj j t e. U13 aAIA£JI j a_^. j ^ 1 0 jj m ^A1 A-uL^All jLxjV I ^jl ^jAal ^a j 
C5 ifL CjUxajl JaAj ^ ^Uaill jilxJ 4^tc- J^Au .10’ 3 ~ 10" 5 ( 1 ~ 100 (dm/s 

^jaj t ~ 10 2 (> cJSl Nr Ia^c. ( JJa jJ jLj JaAj jl) (Laminar flow) 

j J jjj j j^*A jli^. 4 juiVi .( 2.23 (J^joAI) a^xALaII j A_j j j^jaII 4 _i*jLAl aAL^AI 

.(Molasses) J1 a ^llc. xjIa jA ia 

- 3 > 

^Uaj aAU^. ^ (Navier Stokes) jIuj — j^AU aA^U-a JjA^j 
^U aj ^3 ^jlAll ^jjj-saall JLaA] ^J£uc?$\j Ail t ^_paA^-lA— 

!A_Ati31 A_iLxiAI j AJaJjanil aA^Ij«_a]I ^AJ c ‘iaII 
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r|V 2 v = VP 


(2.23) 


Clllj iIiLai.ViA ^9 4J3_x_a]I 3^- .-laxjJa]l ^A P t£jL<3 A^j3^ ^^A T| C 


.S«1j^)9 CIjI^ia-q o^*j Ljajl t, Qx.r'vn ^A j Aj j^)5Lia]I 4_ixjLa]\j 4_L-a 



N r » 1,t_JjJ=u^ax C_lLjj^djl N r << 1, t^f^ 3 


£jj£j iLuai^La J-iC- La-ilc- Jlc- ^yuLa ji^Lj JJ£> 2.23 

.(vortices) cjLaljj jl cJ jiaJal ^IUa Vj tbjS jJIaIIj jl.iaJI o£ £3^ Jc-liSfl 

.^lill S- 3 ^^" 3 h° 4 3*0^ O^ 0 ^ aJjI*_a]1 o^a iVjl 

Ja^xjJallj Ja^3 £j 33 L-JjlVn ^aJ 3)-°J 

JjLJI (jxi^C. 3 >3 4_i^.^)LkJI 6^11 oAA (j* i^C. ^ 3a-lic*j 4 

4_i11!Lg l_jI ^)lajJaV 1 3)-° AilL^JI 4 jajL3I AjaaII o^A ^AC. ^iiu jl ^'3'° c£^ UJ*^ L^° 

"\jj" (_£j^ill 3-3* ^_Lal*j]l j Aj^jaaj] ^21 AjjJ'vII CIjIjj^^J! <LujI^3 

Ja^lk 5_ljl^ uj^j cjJ 3-° .(Chromosomal DNA) ^ u^i' l 

V Aji\ l x^ijl L_j|^)lajJal ^*^ c ' (j] •^'-^-* JJ J A x>A iVI 3)-° I$..1 j 

^JjxjLq ^3^ _j3iiiijV! ^I.VVuaiLi AJV 

^ic. ^3 *^ L5^ 1.^ uj^ 3^ 3 C> 3^2^ j^l 

jl (Analyte) 4 S jLa! ^jj^jiLill ^LuiijV 1 3*0 i> j • (j^ai^-Lo 3*^3^3 ^ j ^Uaj 

4i£}LxJI ^ *13M .^^LulijVl C1 ajIj^\^^Lu1a] 1 j £-0 ^ uAlLa <jl ^gic. ^jLall *^3^3 

_jl3a jVI 3^ ^^iViVl 3^=^ ^ j» J. 3 3^^ 
Clu3 t(33<3 cs^ » ^3 1^. 1 nl^) 3.3"^ 3^ L5^ 

JS^I) 1 nn iVI <Jajoj|^J ^Vi<q\1 j ^J^joill jr>ail LixjLoj^j^l-Q 3Uaj ^J^3a3j 

^^3^ 3*-^^ Jaj) Jjlu)1\ 33a*Jjojl 1 x^ijl 3^ .^3.23 

1 “’ 13 . A_ixjL<a^j3^ 4_1 ij 


857 




(j jhj (jll\ jiij . A-juLs j SU£l JjLuj jLui 3.23 Jiutil 

(jL aj . (j* {jjujjlSN (jjljLuj £jjjLj J-a ^SlLI ^ AjjjIS ^ic- 

£j«a . l_uI jaJI j A-ufll ^ic- AjLiixaJl jajfcuail jjJuj JjLuJI jUj (j^ajju ^Vill 

^jLuujI ^ J-a JjjjftAJ UILaj (wf) jLuil c 5U£]j ^ ^jLuojI 

. (A_i£jj»aVl AjjLjjlil A.jxa'vII ^j-a ^jjL 11 £)-a (jjuaJLa) £_jj*jj 


jLuj 4 JLLj ^JouJl <Ga^jj jjjb 2 . 2.23 

The effect of surface charge and debye layer 

^ \x'\ A_i*jLa^jlill j A-^xjLqj^j^jaII 4_iiaVi ^3 A_ilL*JI ^Jl Ajjaij ^jj 

m i» f 

La-lic. 4_i^Jajoj c.j 1.K^ ^ ^>)n» a\ .A_i*jLa]| ^ic. A-l^Jaxall 4_L<u& 

S^-a^3l ^^ic. V 1 /' 1 " 1 (j^ 5 ^ Ai^ (Jj)\*s<a £a A-uia^IHa 

Jc. (pH) (jg n~> j ^3^)11 A-<u3 <■, Ua^s cillij 4 jJIjj} A-i^JajaJl 

(- J L_llc.l ^ ^ g,Vn jl ^jj£jLaill Aiua^l ^Jajai ^JIILa]! 

L_llc.l ^ cJsJ 3-aj .Ujjaj 2 3-° es - ^ pH lA-^j Si-OH) 

3jjj t<L2l_uj A_i^2a-uj ^ilKni ^^Jc. ujX.^ 21 ,\u,<;i jl ^Jajuj tjz pH II 
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AiiL (Charge screening) A K 2. l. aLL J jUall ^ A-t^all cAjjjVI 

a olijlaaix ajjIj^^^II o^jL^_a]I o^c.la V a'CU ^ . >i .(4.23 3^ •''^) 

A la. 411 a ilA AiUiS LlujI ^ ‘ '^' ' — i£j*~ las j . l^ja. ^u] 

a-s "41 Jc. ^laxjj .^Ljj^ 3 ^Jaa ^xd jxxixid l^J^la ^ it". J^liajj .^2ax2l _j-q a 1 -lad Aa^LiJI 

■■J$ 


14 


K ' = 


3.04 

:VM 


xl(T 10 (m) 


(3.23) 


S jail £-* .(Buffer) <_$:>L-a]l J jU^l l ( z * z ) J* M ^ 

. (Jj^S (J-aSLlij t ^4_jj*Y AAl^ll ClAj jj^I j|J Cluljj^ll 4_ij jj^l 

4_iLa*j Jx-a^J t M=10 4 J (z = 1) (Univalent) jal£jll dnljj££ <lla. 

^jlx-all (Jjla-Ail ^aJaia-Lo jj£l jj Aic. .30 nm ^1 j^. (Jjla ^ 3 ^" 

I^J .oUall <jjIaa 11 <Lli (jj^ (jl AAlla A£L<uail tA-ixjLojjlj 

(JIjj Vj ^ . A T i*jLo jjlill aliii]! ^3 ^jjaJI £(_£jaJI j! £jLa!I A£ja. ^j-o LiC.jj j^xj 

. jaIioi a C' £-»Ja J-* * jAUall 


0000000 0 . 

...®. .©....® ..©.. 


£*• 


Ljb^£ SajL^-oJI AiLaixJl 


® 0 © 0 

©'0O000O0 



uD jjVI Ajaujijj A j-^U. ,41 < -4 l-v .all . \s J . ^Luj J jla j <Ua»u2l uaa 4.23 (J£*2JI 

UjI hiii Ajj->-\ a'l A U ,Mt AAlL Jj)U all ^ ( CoUllterioilS) ft ■itxa.a.l 

^yiLj^S Jl^a jjjIj diaj i— ia-mj (ji till la. 441 ft4£j (jLaj .Aijaia A-i^lxa 
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j 3.2.23 

Electroosmosis and streaming potential 

AjL 3 JjIjjoJI ^^ic. (Electroosmosis) 


£jL<J! 


3I 3^ *c£^P <llla dll W di lc.3S.lA cj^iia-a ^j\j^)^ (JL^a 3Jj\j 

oIjL^-aII ^3 olC-Uill olA 3 I 3 cA_i3l_x-a A W >!l\ <1 3 ^ 1 ! ^Uxrvll 

*\Sal\ jl A-iaLaaII AdJ I O- 0 M (Electroneutrality) Adbj^ll 

ciilil cA^^dd 3 Lip Alila (Jdll Ajj^^xtll dll W ^ 


3I l^ld J £A . A-jJ^)^.)^]! 

AaILuj Aj^J-am dll Wd aIL^. ^^3 4 (JIiaII (Jiia ^ic. • (JL^-a (Jjiilad 1 $ 3 ^aj 

^Lp AliLa £jLa!1 3 !^ c(Si 0 2 jl Ai^l^^ll A-IxjLq 3 jSj a 11 AdsVl aIU. ^3 La£^ 

£jIa !1 1 3 AC. 3 -°^ c > **i lAdc. 4 ^^jIj 3£^]1 (Jl^ a !1 d iWi Jjjl^ll £ 3 dji 


3A £jLa 1 ] c_fll_k-a 3 31 ^1 3I3J Laa 4A^J>H1 Aillldll (JjC.LAa 11 A >jVi AilLall dAA aJojujI^j 
^.jIaII Lade. JjaII 33^1 jA (Streaming potential) ^^.Jl 33^1 .S\dai\ J^ld 

£-jIa 11 Jpl .^Lj^l ^-daldll 3 a£Lxa 3A3 4A_iaLaa SiLa jl ali 3 3JC. (Jpdll ^^Ac. 

All jJ a! jg jaJ (j^AJ . 33ASH 333 C 5^1 Laa ^3^-LaII AilLall dllW di 

cAj^jlj j^^xq jl AiajLa j^±a oUS ^Ac. 33^ 3J lAvn ^^daLd ^jL^£ 33d 

3L3 4 c*l]i £a oAa ^3 33d .1A3J A_i^\ Alid-saJ ^Jjlj (JjUd LS^" 3& J 

^dll 3^ JSI 3A1AI 3333^0!! ^LxAl AaxdalLj I3.W a ^ 33 , dill qjaSH ^I.'iVhJ 

. ^LuiaII Aj jjUJl 

a^.j_)]j c^i^aII ^L^)^ll JUaIL ^jIj^^II ^.dallill ^ad a^.^uj ^ 1 »,Ti 

Jl 

^daLiill ( 33 d A^-^juj ^Jadl .^Jajoill AW *l‘i Aslii£ 3A ^dLill ^Jajuall 3 ^a£j c^jIaII 

: — J csW>$^' 

£¥ S E 


v =— - 


n 


( 4 . 23 ) 


(_ja .^Idjj ^JajoJI 33-^ jA lj/ s j cA^.j3lll jA T| c^Ij^^II dulj jA 8 d 

33d]! 4 11a L-UxaJj dliill (J£d jl ^jjIIaJ 3WT1 V 33d!! AC.3JA 3I 4 ^ 1 aJA!>L 1 3A-JI 

A_iajIa ^ jUl Ad 3 ^ 1 34c. ^La 33d i.“l^kl A iSaaII o^i^jll A-JV 1 3A ^Ij^^II ^ xdaldll 
"^^iiSa 33d" ^Ij 3^]1 ^jJaldll 33d AiLdaVl^ ‘l*^- ALiS^ll 

^ 31 Sa ^Ja3 Ii)t\a Jaxdallj ^^Sdall 33d!] 33^1 3^^ ^^3 4 (JS dll 33IUIA (Plug flow) 
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(."iKa'i V AjV {j jIoiaII Jliaij • (Poiseuille lSjjIjj) 

(5.23 3^ jl) jJalU 3^-U^I -laia^<s 


3i» .>>1 1 \ y- JjaAiil 


^jUalli]l 



Jj^sl) si* iii ^ja. ^*>->1 nil (jajUl JjLLi IuluUL £ jSAaII ^Ull 5.23 JLuJI 

jjjluia j jjli ^jjIjjjI laa. aU jj lSJ$ ‘t — 0 -Up -(Caged dye) jy^LaJI j-LuM ljLuIMj 
fjj^ ,4jj jli l j ]»aj Lu . jjjjLUI * ‘\'*' <jAj*-*^ 4lluil jj AjjjLtall SUM t JS 

J\ (|_5 jLuuil Aja*J)j JssluUU P jj±UI (JSJjiL Aljai! £jLUI (JjSJj AJaoil_jj ■ U-^V sift Jlj 

P.H. Paul, £fi- LA Jr-ALL) .JjSJjil hlrsa I jglia i(^gluul) Aja*JI) ^Uj^ll ^UaUUI JjSAj 
M.G. Garguilo, and D.J. Rakestraw, Analytical Chemistry, vol. 70 (1998), p. 

. (AjSjj^VI ‘Lulxajlil 4-ut aaJI jjU 2459. 


^ li.n\' a-a£Ll' A l>u^i A \ \ 1 L. J 1 . >> ) jA ^ 1 >»1 nil Jj^Aj (JJjUs jjl 

4 a_i^.Ll 11 ^j-o lAA . j A-ixjLqj^^j.qII A_ija^U Via /I) Ailli^ jlj 

Lij^fLi-o Ajuj-a-oll Ajj^5Llo] 1 A-iu^U A-i^JajaiSl AW /lill Ailii^l ^j£-u 

3^-^ jl ^iajoill Via Ailli£ e_fljj^ajj ^jj .AiLi3.l]l A^JL*_a]I Lull 

^jLuJol ^jjjjja 4 C5 *jLajjUl! j! j j5Lia]I MEMS — Si t^llj^^li ^J-Ialllll 

A-jj j^jxsli A_iuaVi ^ ^jJaLnli (3^*^ (j^-u . J^Ull AluLij AijJj-o ^utli 

c(pH) AjJa jxi^li A^._jJ j c^Jajaili AjjjoW (Jj-g c<_£^ki 3<ai^AJ lx>>ji (j^ j 

3^3^ t^Lolc. Aij-aJ AiiLa A^Lajoj^ AbjjjVi 6 jiili J 

A^LgjoI ^j-Q L_fl^jal AjV ^_iJaLli]i (3^-^ Alb^JjuJ AbjjjVi ji 

^jJaLilli ^jC. aIjjjolaII A£j2^i CllLW-ioi ^^c.j C^LllJ AilLa 
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^Laj^l aLdl e-liJl 1 A_j l_j jC. jaII ^ja cdllnlajll jVa } ^ 

A u*n <jjl jla 1 g Ut>» (_ja t(JjLuj jll ^j-o jjc. (jjjla ^jC. cj iljj ^Liiill ^j^aj .ojjjata jl 

^Jajaill f.'^k 1-aS Ijjlaj jj£1 (jjljlaj jj£jj a jlj j jl pH 11 (jj-ij^VaS 

(_j£aa!1 ^ja cAajaLIa £^Ua Aibjla (J^ld (jA ^SjAlij jll c.^Uall (jjl jiaJ jl t dl jj aj! jJJ 

<al_,Ja^/lj >C5 jIjj^ 11 ^jJaLiill fiLdl L_lla ^aJ <jaj i^ixuJl A W j‘i A_nlaa jdu 

^gic. ^Jja£ J^llLaliJ ^Jajoill qja£ jdu ^j£aa!1 ^ja tc-^yLlall dljlijj ^Jj 

^.aljall ^Jajoi 

^4*02) j tAjjjaJt dj^JI <iiji2' 4.2.23 

Biomolecule sieving, ogston and reptation models 

i ,^3 ^ ^jlda I^jI^aIj li^.jljj£J A : \ vW \ 1 1 j -n. j \ jj \ \ 1 ^9 *A jj V 4 V -n. c^lljA 

^jn-s'l alljj iJliiAll ciffuj . A^Ka jj t. ©jja-^jj A3-^j Ax.jjaj Ajjj^JI dllaj^Jl 

jxojjll) dal Aii jjK jjjll ^j-o (Basepairs) A-ijaLJ ^ijjl ^ dljliL 3 Jlj^. o* 

4_ iLk . A qfa-d (Gene) Aj jja 30000 1 -jjjsj ^jj^jj ^(C, T, G, A) 

. dliijVl (jA l *— ^ J (_^1 Aic. jjxa i <al"a-N a ^jjjjjj 10000 ^1 j^. ^gic. A_i^.jjAj Ajjd 
.A_i^. jl j4j!1 A aIViV 1 ^gil aAjI^JI A jljl Vail dlyVall ^UijVl ^uJa jj 

lAj!>Ua <_j£aj jl tdl Kui Sjtc. ^^jLa (Jj>1^ a ^9 A-jjj^ll dllaj^Jl (JaV 

.(Sodium dodecyl sulfate - SDS) dliLuj Jja Ai j^a did j^_a 

^ja ^clid djjoi Aj li t jjjl^k a!1 ^9 l^sljdl A 4^3--a a\\ Adljj^^ll (Jj)^ll L“lVutii LaIijj 

A^VAa L_al^)dl dlc._^uj ^LuiaII AjjjUll jl l^-l^^. (_^a £jIa!1 ^a (JjIIIaII lg lc»lij 

A_2j^)*a^ (JI^a ^jA-d oIa A_j j*\ xaiaII dlla^^Jl (jl . A a!1 dlla^^H 

Lr lc. Ig-A hVuJ ^1 Ijid a_iaaI dlj ^ ((Electrophoresis) AjjIjj^II 
dl.Wtall Ia^aC- (jj^4 cA_i^,^] jj^iill L_fl j^lall (Jla .^jj^)^J 1 (Jjl Vail ^a«1j 
c." al W Jl\ dl j dlj jjlJ (Couterions) 'dL>iAll dlj Jj^l A_Lxuj 1 Jj AjA^kA dld^Jl ^^ic. 
S jIx>»a 11 dlj jjV 1 cil^)Wa*ti ci^ l! j'^^11 (Aja^Ixa 

AjIj jjIj (J4J ^cjljil cillS'WVl d^iujj i ^jjjaSIjCIa ^jjAbdl ^ dlla^^Jl j 

Ajj^aJ jj dldj^. aJU. ^ tJliiAll cJ-uja C5 Ac. j^Jl (Mobility) Aj&j^. d-2L>ia11 

aj (Jjlall ^jc. A l'q uja A_i£j^Jl ^ u^n'a ^DNA ccJ14a] 1 LS^") ; A'a'alj Ajj^> xI'ia 

CjU jjVIj Ci\, K ,. a' l jV 19 ((Free-draining) "^pJI — o^-^' 
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(j-a <L<alc. A_ix-aJ Ail ^ \x j lAA (J _^Ja £a ^IjAiiLiLo Ia^ jK ^^Jc. Q^Ia^aII 

(Free (Jj)\^ a ^Ualijlj a^j^/Iia!! Aj^jjaj]^]! Ajjj ~31 iJIAjj^^JI cJ->-£aa L_ixj-all 

djli jjco jic. AjjLj^£JI <jA 'ij V jaj (j-o j .AjjIjj^£ 1 I oj^JI JLutlLailj solution) 

jjjlc-VI jl Polyacrylamide ^jj) c$>ta * jaj-aS 

. Jlii clAjjj^JI oAA Jj^ail ((Agarose) 


^jl ^joixJI 3 -° ^klj c. 'q,k.r-i^] l^j^Aj ^jpsl 

aJ V a £- 3 j^ Iaa i. > uti^j .( 6.23 JLsIl) ^l^JI c_al_ilV 

ciuajj r (j-a ciaLoLoiA 3 j£j ^jl (JLaI ^.1 jli t I las j . 

I J ollaxA (r (Jl *3 ^>ia 3 t, £a ^ \ ^ a j ^jl 


P(r) ~ exp 


f , 4 ft ■j') 

- 2ftCLr Cl- 3 

l 3 J 


(5.23) 


cAia! ^ J4 L&-° L Jj^ 3 Lj £(_£j>^Ji J)^JJ C 

(JaIscaI! C 5 "^^ ^-11 (jli l>°j c(^Luia 11 r (3^ L 

^3l^JI ciaLoLuiA ^c. r ^>la3 ^ Qx*Vi ^)j^y (Jl^'Wl ^k . (Ja^a 

. ^l^JI ^9 IiauIiIa (jjV^J aJjLlaII ^3 Ia£ ^ A* a 


/ 

log 

V 


|i(r) ^ 

M^O y 


= -ck r 


(6.23) 


3 f * s 

^ktjl! JJjt-a Kr j i(l' = 0 iiJI) 41jjill jjjIj (_£ I L t ll j« i AjS^aJI j^A |i 0 

.Lujj^j CLlijl .13 j cKr ~ r |jjliaiC.jl .(jJ*-<i 



/j& i_ali5U Lul jJjc- lpjj3 Ajiuaj ;A.fi 4^xu ijjloifrjl aLj& ^JjA 6.23 JLu^I 

. f-LiiJI 
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L>°J tA a*s kst dild^)^. ^A Ajjj^II dild^^JI qa ddeJI t A gyi^ll ^^3 

; f 

C(J-aljtj . Adx-o DNA jl Ajn'ij^J dild_j^J T (Jlxill ^)la2l c. $t,s-i ' i A_2c. (jl (j^AJ Lo 

1 g‘lL.^1 (RNA jl) (Jj^-aII Aj-sll S.11^. j DNA 11 (j-a ^^Jx-aall dAdj^JI C^&le. (J^Cn 

Ig'iLuL*) ^^3 AjjIj^^II dll W dll (Jjl^ a ^^3 c > Uxd3 (J£d Cl ild^)^, 

jA (JtxAll ^)la2l L Q»*Vi (j^fL (jl ^ . ^>J td-iVL^JI oCA Jlo ^^3 .oJjAaa 1 g 1« Vi A-iAud^ll 

(Persistent length Ig-ljia (j* Jjial DNA dildja. <L*. ^2 JjL 

Jj.1aa]| (J ^lall (JA ^)*A-al Jlxill ^)ia2l ^ q»*Vi U-J^ cAjj^)^ (jdjd^ Cllld^)^. 

Jajai j!1a Lode. .li^. cJ^dj (J-oxJ aL^)x1] (JjJaaC.jI <j! I—Aj^la]! (_ja .^.^^^.l] 

. a_1a jl ^aLLJL AjjlaAll ^Lls cIiI-aLuilaII 


Sldall ^Lul j \ ^ ^LolaII ^Lul ^ja y)^) ^>^1 e^LLdl (j^fL Lode. 

^joi AajuLo A d3^1 jl ^LaaII Aj_^ 12I ^^dll (Jdlj dild^^JI tdjLai ^jli ^(AaajLo ^ jl21 

^)XA-al Aj^)Jaj1^iI1 aJaaIaaII A_i3 QjfL ^jajI^j ^A aILaVI -1^.1 . L^j.1^. ^jja'n 

^3 . ^LolaII ^jaILo ^ja jn^i aIaaIxaI] Jj.1aa]I (jl (jj^. ^LaaII ^aILo ^ja 

(_ ja ^xaadI dlLoLuiAJ ^LolaII Aj^jL ojLo qa ^jLo ^ ^jiaAjj £(_£ Alba. 

tiSj^ 21,22 *(Reptation Model) "ydl±*j l$ ‘ j^l 

(Jlc.jl ^^3 (jl \* ! \*\ jLo C dll j'qx 11 ^ja AaIHa ^£. c 'lA (Jj^la (_^^)Jaj1^J 

c(^!ll^Jl cdLillJ diLixll 3 o3jLo jjaJ^JI A-iJud^)]! aLaLJI J Laj .(7.23 cJ^aaII) 
^ jjAill Ua J . lg Aj"\A oLdil ^ Jds J ^-oJ ^21 dlld^^J lAdc. c j£-0J 

i 1 _a£ jlddV 1 duL j p. Id^liAV 1 o^O eg j 


N 3 

Lj' 


D- 


ky 

N 2 


(7.23) 


f.\^.jjlxji^\ (j-o^)l A3 ^!AjiJ 1 Ja^.N . ^_j)a )\ jJI JLoJ JaAA^A N *>” 1J^ 

DNA i uj\) * *1 ^A4A^J1 A3^A-aA]l A ~n n i .N J ^jLodVl 

.^LodVl ^5^ Lajl (jj^u*)j tliajl ^.Id^jAAl 

a Ue ;£) = UgkT/ze) QjlLdl j l AS^lle. y A j O^lc.1 A yj\\W yA 

^ u . ilWi e-fl^AA (Electrophoretic mobility) AdLj$£]l z j^A\ Aj£j^ jli (AdLj^£ll 
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o^j^g.SI (JLaxj-ujIj DNA (Jj-saS ^j£-aJ ^ O^J 6 N £-a Sj^Nc. 

4-jj\ \ xa \\ 4_iujj ^liSI DNA ClAjJ^^. _jj j-a - ^' -4 . 4_iA^lgJ! 


25 


.(7.23 J<: 2iiSI j A_iiiiij c^LLuILq (JjW.0 


(J^ 


a^!Aa c_aU]l 



0) (V) 


4 j^jaLLli ( _ J iaiiaij j (i) ^ (DNA) Jjjia jjaJjjI ^LalSI d jaaSi 7.23 J£ASI 

jji DNA) iaia ( j£aj i_iUlL <LuajjL>i1 cjli ijju»II 4^alj . jUjVI 4jjUj AjiLxj 

DNA SI AijaJ ^Luajj (<_i) .4 jomjlt AjIuAui Jaa. J^]a Lj Jfr liSjaaj ji {■‘ULaJI si& 

iAili 4a£jjaVI AjxaaJI (j^> (jjU 25 jajal! ^) .4_£L«jj jjj £ jj Jj 2 jja 4_uL*ail <L£jaJl£ 

— S ‘(Conformation) t. -i£Lui l) jl 

^■j^k j>^» I^A j ^2 >La (J^.lj ^9 1 *)Ak>iA Qjflj La-IIc. ^^jIjjoiC. C \\a\ ^a DNA 

\j^)iajj <jA^)J -^S . (J-iix-a (JL^-o -lic.j Ij u*n DNA <SL^. ^^9 Ja£9 

A£.^uj <jl j (J-wu V jli (, Jlc. JL^-a 4JL^. ^ 4-il 

^^9 cAj^iaa] ^21 Cl2/l^LuIill V La Ale. -6 ~ - ^ . Aj.1^. ^a (J^Lall ^jc. <li!luiA ^ uA) 

II ClAjj^a. ^.^-Sc. ^ Q Ax Au*i c^jI jjoic. c. \\a\ tiiti ^A t(Jlc. (JL^-a (JJa 

S^>^_SI J jiall <jc. 4 W’ntixt DNA — SI I^a 2* >.. u *' • (JI>a 1I fiLajl ^ DNA 

DNA SI (Jj-a9 UU. .<Sj^la DNA <j-aLkjj cA_ia!> 1^_SI Aijlj^^S! 

j)\ (_£ C n^k c^JaAJ (JL^-aj A_Ui^L^JI AjjIj^^SI SI A A^il^j (Jj^laSI 

.CjIjj^^JI aJ^Loij ^ jjjLlil aJa*JI (J^yLk ^jL^^II (JI^aSI Jjxjujj j 
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AjajIa jlil ^\j Aj^jU {Lola jj& til A.a'wa ljUj 5.2.23 


Macromolecules Moving Through Nanopores or Nanofluidic 
Channels 

Lai ,W'n j ^LuiaII Aj^jIj CljLiA^yLk^ A-Lljjoixll a£jjoi (jl (jj^. (_^9 

<iii-U£3 \ A-^LaIa ^LoIaII Aj^jLill A^LaliJl JI^aII ^]^>XA (jl3 ^ 

(jatiuIL Ajjli-oll ^yLlij ^LolaII ^pjlLa (j^fL .A^LaC. Aj^paj ^9 A Aj'q n*iA CllLaLoiA (jA 

(j£-aJ .1.8.23 xall ^9 J^^OLa j& La£ ^pa^ll (jA __)4£1 Ix^ijl 

.AjjaiC-Vl ^9 c_Lk-a^l 1 -IiLa L^paj L^j^-AJ (jl (^^-aLaa ^Uail 

cLnj^^j .d.lg^ A a)Vi! A_mjl^p Li^jAj (Jaj] <jli tAj^AlJall AllLaLaiJ (jA ^C.^1 ^gic. 

JaJ^) (j^AJ (.“ n-k \ il.li2k 4_iij (_^L ^^-aLola ^’j^Aj Ax-Lix-a J^Jl (jA (jfLj ^ Ajli 

La Iplc. .Ajjl^)&Lia CIAAojuj^a (jj^pa (jc. Ja£9 Aj^psiill A -yWAl £a A^jj^^IiII CjljLnll 
^Jajoill (jA L_J^)i]lj A_1 jLuj A-a1 Via dllipa A yjv \ A ^Oa ill jl Aj^piill CIjLujI^)^]! l“ I.Vqjm 

6^)jxw a CllLaLuiA ^3 Ajjj^^JI A£^^J1 ^^9 ^jjjj (jl (j^4 L5^^J 4^(_£LuJ AAiLa (Jja^ 

. ^llall Aj^iA^jlj 

dlLJl ^)4C- C_fll^)^jVl jl AJJJ^^JI A£^)^J1 (jA cJ^XJ (jl CllLaLaiA J j\ (j^AJ 
(jl^)^^ A ~Nj'n Jj. W a ^llLall ^l_jill (jl djljj^j^Jl Aiilc.1 c^JaLoUJ .Ac. ^Ila 

jj-o (Steric hindrance) 4-^-1 jail aIIc-VI si* jjjIj “9ailjj Cjj^. -^j • CiLoLuiaII 
^UoiA ^)JC- r ^)ia3 i c ■ ^ jl JlUjV 1 L-ljoia. j£jlj 

:a >lai <■ (_£ jjlj 


JD^ 

d 7 


A a A 2 

1-i 


V 


r; 


1-2.104 




+ 2 




vr ; 


-0.95 


/ \ 5 

' a ' 




vr; 


(8.23) 


C5^1 cJ 1 (JaLlII (_^LaJ . n.^A ^3 AjI La 6 jLal 1 (JaIaa ^ D() 6 liA 

4 >j'VAl oLa j)A (JyjV’Al {£ .^LolaII (jA ^cjUI ^gC.1 jill (^jLlII iaj\1 -n'1 

(_£^pii]l l_jLu^J 1 Ljajl l$ -(m- 8.23 J^ll) (3^9 j)A Lujj^j 

(jl ^jJal ^11 (jA cAj^^lill oLa (jA ^^.(_^^kl AjjaiAiA 3^-^ AJL^ ^3 A_iC.l^)i]l ALlc^^U 

is^ C5^ J ALsI£a AjjjL jl (_^ ^jU ^Lola ajlu j j 

.^(_^3^31 ^-ixall (_^lLa]l j)A ^>4^1 ^LuiaII (_^jjLLa (jl£ 
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jwij (i) . UjLaLuta JjaL a 4 jjj£ diliijai w5 J AjcIjAII AilcVI jjjLj 8.23 jLu^l 
A^jjj a jiafl i Cuajj ;»'LLa]| ^Lwaail .AjcIjAII AStcVI jjjLj ^LajJ 

(AilcVI) AJA*-a]| Ajjliiil Luili j £2 LLai AjjjjajJI A^jIII! (<_j) .AjcIjAJI Ailc^l jaab 

AC_jala aalaulLa Cj|j Aa^jla CjLaLuaa jaC (2 11111 ^1 0.2) AC Jala UaLuil&a Lab CaUajiJ 
j»LaaaJI jaC (jbuaJI jLaiiVI Jaibca AaJjaudl AadlliVI Jlaa .(60 11111 ^i) 10 IUIl jai’j j»l«aai! 
(jjj Aunifl AaSiVI Adal-la^ifl Jlaa Jj'-y a'I ^ jLuuJifl C£Lal*ai Lf lc- La junla j jjl2\ 

£). a) . (jSj)j taLaa. calaai) JaaJi Jlaa . (-) t _ r aLuaaJI jJall! ‘ Aaajj < jiajaJI jJaSJI t «■•** 

Beck and o^> ^laaJI ^ ijJI aalalaa , ( ^Sfcjl Aa£ajaSf I A a» a%!l ^ jib 32 ^aJI 
■Schultz (Biochimica et Biophysica Acta, vol. 255 (1972), pp. 273-303) 


l^aaja. A^. i _ ' '■ ■* i AjjaaJ _jd]l 5JLi. 1 Ja£»a ja£l AjLoaall ^ a , aaa 

^1] jaaajai]l Ibfc 4aXa\' (JLacVl ^>jaj i£ j . )^J£l. : .'MI) A )Al v .\1 

35 * + 15 £ 

Aj^lxul^J 4 _ujI J.} Ij^laj .£-ujl J JjUaj ^ic. AIIiaAI 


^C- AjjXoJ A£^}^. (jc- ^ AaO 0 ! t(2D J ID oAiLq Ajaj ^LlfLi^lip J 


, •• ' ~ • 3 7 

(_^jjULq djl j 6JW,X^1 djLaLai-Q 

<9j£J 1 A_iiLkJ\ jl ^ ^c. jll ^ 3 -lc.j .dJ aSIc-VIj (Entropic trapping) 

^ Ajj« LiJ^Sa, ^ djLjjl <*_da j ^5 

jl . J^LuLoSt A aItiWa 

^jIa . jIxjVI is^ lA^)x^i^k (_$ 1-gAIc. djl oUaiA 

jldijVI c5j^ DNA djUj^a 

djUjj^J b.K^ll ^iC. j AW^li ^1 jill XlC- ^ 
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AjJuLai! jjUj j»Luu^l S j£a.i £oiudJ 3.23 

Fabrication of nanoporous and nanofluidic devices 

Aoj|j*ixS) 1.3.23 

random nanoporous materials 

SjI c. (Jal i. > \\>.si a 4_iL-£all jI^aII Aj-ujj SjIa ^a (Gel) ^^£jl 

<L^)x]l (^ya\ Aillc. 4 _iaLaa (jl .4_Ax-a CIAjjWa j)A ~20% 

> # 

^l$JI (jA jjl £jJj J£j1j .(Molecular sieving) 

(jA Idl^d. a£j-uj c1jLg!>I^JI ^ jjjfLIVI (_^ j (jjjj . <_£ jj^JI 

A_iaLoi-q CIiLujILg dl 1 4_m]l CjLgLuiaII j>A £a c LnlL-aj 4_Lajl ^j1a] 1 dl ^jjajI^i]! 

<Jjl_lAj£ O^aL 4j\a» \ JJLAjj^A (Jj)l"\ A (jA li£)Uajl ojlc. (_£^)a>J 44, ^.A£.^I1 a 

Jjj^I ^ jj ^ilgJl ’dl c. (JajCLolj • (ij.A^W Idljjjs jl (initiator ^l.iVualj) 

^>Ia ^3 ^LuiaII jIxjI (jjA* (jl c > i~sj . dliuj^ll jl aJ^JI g^Ul DNA cJj-^3 ^3 aia! 

(^jULa Jajuj jIaJ «^Vill (j^AJ . lg_L-a3 jl^)J ^lill dHj^j^Jl l^)Jj£ AILcIa (jj*A 

^Ia ^Laa CIjLujILq (jl £3^4 -3^-3^^ (Jj)\*s a\\ na n ^LaaII 

DNA dld^)^. Jj^aal (Jj'^a'1 jj^jj i. tillj j 1^3 nm ^Ij^. .iia! JjjSI 

(100 nm CjIaLaaII dll jj^)lc.l dLiA^lA (JIajCLaI die. t 4,\j,wll jj_jA 

.- 300 nm) 

l^A j clgj ^a£di]l jl dLiA^l^Jl ^Laa 4_d c. \)>.si jJ \x x^ill (jA ;AaIc. ojj^. 1 

^l^Jl o^aEj LiC.1^3 ^V’lll (j^AJ ciilll £a .4_d^j^Jl dllnlaj _>a1 

^_a^_a JaAj (_jjAjJa_il a \ )**ij 1 1 a ^ AujLol^, (Initiator) cIiLij^)^. (JIaxILaIj 

^3 ^jIaII ^Vl\\ A a *1a11 ^jIaII ^a^l^il ^al.^Vuxil ^ j^j^JaII ^Uaill (J^.1^ 

c*\l^ ^ DNA M (JIj^)c. AjIIIaj ^^AiajIaj^^ia 

(Jj'^A clilj J^A ^jC- C^LaI! AijLlAJ^ll ^j-ajL-a^Jl 

Aj^a' 1 Jax« j\\ <-Ja ^A^. oL^J 4 q\‘‘A a ^lljoaUa^; (Actuator) (Jxjaa <iLaijV 

49 

.(Environmental pH) 

^l_ui a dill ^l^-o dlil^Aj ^-AV*ia'1 o^)a1J1 4j1aC. 

(JllljVl 4 _i1a*j Aj1_1*j ^V^l ^ja . 4j.ti.Vig a AijLjja J 4 _aj\,jaj^> ^aj\ >/r\ ^a 4_ijl^joiC. 
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2 _a 4_ij| ^L olaII SjIa ^-tijl ^S^aLII (Sol-gel) ^Ia — J^Ixa 

Vill ^j^aj CIjIjIaC. ^ .(9.23 (jSjuillj 4 _jjC.^)a A-ijlj^iSj 4 _ij1 jaj^ ^gajl >n-\ 

^ c<ij^)XA AjjIjajS C1j! i CIjI^ia ^jja jLi1^.1j 4jnll AjjIjaj^s'I 

50 " 52 .^LoiJI ^jjILg ^)l&~ (J^LtA jjjl^k a! (_£ L_flj^Ia £A pH H .2-l^J U^ 1 

* 

J-L-aill *." il jIac. ^ jI^aII 4_L^>x1 AjjjaJjJI (Monoliths) <V A*jl ji jaII <>a& cIiIajLLujI 
AjjoiC-I (JLajiIIujI 1 ksi)\ (^,h J ^)A CllllnlaJ 5 ^ 4 .<c. j Via 11 <_£ jj*vll 

'*'~^ • i£ JJ j ^)1-IAA dll j ^JAlAJJ ^jl^)laj <*_lx-aAJ \j^)Ld a^)3 jJaj ^LulaII Aj^jli 

. ~ 1 5 % (Jaj.^1 ^LoIaII ^jjULaJ ^SVlll ^j^AJ J l ) U*l 1 A a)-Vi lA A_lj| ^Jajoll JSuti ^LaaII 

^LajaUxali 4 j*jL> jJLlll S j^VI 2.3.23 

Regular, engineered nanofluidic devices 

<LxjL< jjUIl/AjuUjjlt 42 l sj^Sfl 4 x-LL^ 1 . 2 . 3.23 

fabrication of micro/nanofluidic devices 

4_1aLo1a]I jl ^a! 1 ^gic> S«lpC. L}1 ^)a AIxju1a]I 4_1*jLa ^jLill ^dll ^Skl 

A£Al ^Vlll ^j£aJj J ^JWa ^^JtjLA^jljll 11 .IajLoi S^j^AaII 4_ljljjjax]l 

L^U/Ljj^a Ax uaxi o^_^l ti _ 5 -lC' ^jl-3 ^ j ^aj £jJaj . A’nn dUajaj^AJ 

^Xj'udlll dl^jj^luj £_a tasljJA ^alc. (jSd iwiMl QjfLl ^J1 Aildal . (J^-uj1 

• A_iojLi£11 4jj^>ja11 



dd ^uUIa .^LuiaII AjjjU AjjjajIjj SjIa] ^jjjiWl £-ujLa 11 jg ) aj Sjja^ 9.23 JSaaII 

(Wiley Periodicals, Inc. <> oiL ‘53 j^>^ 1 <>) 10 |im > aldl 
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Add-i a lajAVal (jj^j^lVl Aa^^, Idl jfc. j!iil &j£}La^j _^)j^)d ^a. W'dl 

Aij jii^Vl AiixAj^ll ^a &1a jl j^ 55 «DNA — 1 a2Lj_jc. a j nS ~50 nm A-oLcd 

jjjj^lVI Idl^^j^J o^A Add t> . il^Ta to.vi * a A_ixjLa jj[j Adi Ij.K'il 

Adj .liW'al La j^)C. j L_aiLxill l^jldA ^iaJ o J^Lajj ^jLj ^Vunl .A^KaII ^.^Jaill 
^x j u*a*al Lilli 1 g'ad^-ij Ajj^Lia Claims jA 4 A^'id Aa^£ (.“aA/aVuJ ^il . AAlaa'aA Aj^iLi 
CIjLajuj ^Lii! j^-<^ J^> ^ • jiAj^jSjAll jjJ ^Luia daLuAd £a A aI^ua A-iaLaa Ada 

c JLIaII cJ;ifuj ^lc- .AjlilmjVI aJIc. Lasl^c-jiLl ^JJ A^iaJl jj.ij Lily^Luj <_£ ^Llll ^LiLall 
Ida Ig'ad.^ 75 nm) l-i^. Adsj oLai .la.w'al A-a^ld Liaise. JlA aj^Lojj jlA (Ja»*ujJ 

40 .DNA —11 Lu jjijl 

^alS^Aj oLiill jVLc.j ^A j VI ^xjLa jiLall ^xjudall ^^3 (_£^)dl 4 _ILuia AaLj 

j!)lc.] jj'qVal Ic. jdu _jj£V 1 dal j 'ad 11 ^^-A (_£j^iVl Jaj^)ll jj .(10.23 J^dll) 

Jaal^)]l ^gJJlli ^Ja-uill dc. daLa jjVI (JaL^. jjj AdLa^^ll S^dLa _IaJ^)]l liA .IC-Loia ^ a 
^lc- La ^ aC. b^j^zL&A A j Yd 11 o^A j£lj •(~400°C) A_allc. & jl^a. dc. (_^ill 

^a . 11 (_£^)l^)aJl jaUalall dali jl Clal^iLuj j^j^ill (JIa^ A_i^.L^.j]l jl ja1\ 

dlj'ad tilLaA .Ajtij^a 6^)1^)^. daL^._jJ dc. Ad^Ul AdLa^g^ll A_iL-a^all dalij jjSjlxxill 
Jli^l lajxxi'a'a jdaJ . jjfLLuj — ^U.j jl ^L^.j — ^U.j jjl£^j Jaa^}l A-^.Lia Ldajl ^^)dl 
La^ylj jl Adla^) daljjLaJ^J L^I1 ^JL*_aj ldl_Laj£ ^jj^jLxill dalili^j jl ^-L^J)11 ^-Lxuj 
A ijiJl a_jl^)^. A^,^jJ dc. A AxLdll ^ jAxxill oiA ^11^1 iidc. (j.)>^*i^Vl 

_jd. Jail j^)ll oIa ij^xj .^Jajaill dal^ji Adxdall A j n~N j^jd^JI Jail j^)11j 

li^ldj .1000°C — 500°C A_^.^)J dc. Aj^jWall Aj^jI^)^ A^JL*_a A Axxil^i Adl^ll 

A_iC.^j j Lxu3 jU.ja. ^j!)Lalc. LaA Aili^)li ^Jajoj AiUajj Aiisl ^jli cAj^^jVI Adilill 
.(_^^)l^)aJl Jaj^)ll I^J Aj-ujLia Aa^L^.^ dalili^j lj^)3 jJ ^jl ^Id-all qa d^xll 
C(_^jl^)aJl -iaj_)ll daldij ^ tljuxia A_Jlc. ojl^)^. A-^-j^ dc. Aj^lalll La ja£. (J* V! ctilli£ 
.AJajl^)ll dalili^)ll ^lj!ill jl ^Udjl£ (J^Ijola >lilji 1 g a^Aj c.“ aj^^a Aj^)Ja A ; ia.L^._^ll jI^aII 

s - * 

(Jj-aal A-ixjLaj^)^>ja11 AjjLj^^II H dalili^j ^-LliV Aij^Jall o^A l.a'a.a'aj^ (3-^dda 

•LSJ^P^ *U?j^ 

1 g'a^LaJ A >J a'a VLSI AaJLxAll ^a AisljiLo c." ax^al Jaj^)ll daLiLaC. ^la» a (jl 

. A-flLc. d jl^)^. A-^-j*^ dc. cAc-^IIa Ad^x-o daljjjl ^ j !ia-a (^ill c^’L^.^jll Aj^laj ^J1 
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. dllaJall aJJxlLoj \ ,'nqjM jj£I 4 _i*jLg ^juAi ^lajoij V lg-j) 1 -a^ 
i C )\ jYvill (_^^.j ^g-3 55,60 . A-ixjLqj <c.\ u«oll (Monolithic) 4_ml dsLjlIu jj^Isj 
l-iijujjj (j j ^ (j * j (sacrificial) (A-uljja) <jlji <LlL JjI l-ii^ jj <_$ 

ajLo <ilj|j c*ilj ^xj (3^ 4_iiax-a 4_iilj <^iLa 

.^l£aL Ail*-® j ^LixjLa A-iial AjjlilijVl — JL*-^ CjLijaj 

4_Lajojl^J UL^.V CllL_jl 4-a±ia£ ^jLlla ~^aj£}Lajj ^a.W'u J 

Tetramethyl Ammonium (TMAH) JAi^ cs^^J 

gjLg d l' 1 ' ^tAj^Lo^j jl^ij ^ (Jja ^j-o <^_jLaLd A_ilac. l *Jajl .Hydroxide 

. Ajljj AAlla ^_i n , >. j Ays, j Ajlaij ojLa l yd ■ (Parylene C) Ajjjl.}] A_j jj-cLil 


ajjiSji! IaJj A-ijtflj ^ 

AjI jill Al±La]| Ajjlij (S- 2 ) 




(JjuauIIj AjjuUJI SUall ^ A _ ] 

1 ^ » .' Vi ^ ' ' . ' J 

4j3uLi .2 


Ajtjill Aaiiall Ajlai_*iil Aajjall i. _ u \ n jj _2 

/ V 7 \ 



SUSil S jj£j Jajj 3 

SU3 (Jj^jjui Ajtjill Aliiall 2Jl jj 3 


Jajj AJjjIa (ij .AjxjLs ^$ jU/ jj!Lia sj^i fcx jjSSd 10.23 j£*ill 

.Ajljill A a^.U" (j in a n AjSjjla (i_jj ,is jjSjJI 


Aj*jL» S 2 . 2 . 3.23 

Fluidic devices with plastic substrate 

Ajtjllla j o ^ dulS CjIujI Jll iJlLo <jAilili]i ^jjc. MEMS SI el ^jl 

j^jliii aJ (jl .a jjjS CjLlo^j xaL^jjII 1 ^jjLIsj AjJaikiall l frliAKj A a-ijj CAjxjLoj __)5Lia]I 

Cj^jSllLa JAea Jjjj t (Polydimethyl si loxanc-PDMS) (jU^jli^ JAi^ 

‘ (Poly carbonate-PC ) Cilj_jjj£ A^JI « dPolymehtylmethacrylate-PMMA) 

jI_ja!I (><i (Cycloolefin copolymer-COC) (jjiJ jVl liljlAdl jxoJjjII j 

61 .Vl«AJ J&V! Ajj^jll 
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i nil diUlij j 4_iJ jjJall Li3l_je Jaa 111 A LiVn (jl Adjl^lll (j^AJ 

CjLujI .All x> . (jiL^Jlj L-b-sall (Jja 4_ijaiLj3 Jr&l 1 dAjliiil Aa$. ^Ia ^jj£ 1 1 g iSlj 

(Glass transition temperature) <**. L*. j Jt&jl S jl dA^. jj IgJ dil jjaJjj ^ c - AajISII 

<Aj 3 (_£^>^1 (L^SjS jl £>2 a Sjl^^Jl (j-o *(100 ~ 250°C ) 

jl^Jl ctillj (j-a V*^ .Ajj^fLiA JAdil L-Jla <Sjg (jjl.All 

s > 

JlajjVl Sjlj^. (j<« c-jjsIIj s^Loll <ji>uau (Hot embossing) 

' •* 

^aj .Ja-dll (jjaiLil S jj£^)Jl C3-3^ O -0 *Le (_£^kl AjjoUJ^j S jj£_j Liat j 

% 

-laJ J ,j£*J -A^sL Ailixi sUS JjSJiii Sj^ j Jajjj t I=LLajj] | 

C^i ^Ujll JUfotfl bj)\j^. A-^-J^ j)A 4-J^)£1 Lj U.-^ dn 4_ijjl.All jjI£j1I 

. (Jit Ll» J>>1 

jtgJ^. C5^ 6 1 g £_ujlj (jLkj LS^ Aj^AjI^AI j! ^a!1 O^A (^AAJjoJJ 

Ajl^aC. (jc. !AjJo 3 A_iijl.All A^aII ojl^)lal (j^AJ t(j^lj -A C-jaIa ^pal^C-V ^juIaj^Lia 
CIsIajuj dllj A-iAjlA^jLill 4 ^IVi^l ^^3 4_lll£joij \jj£j (jl (_£^)1^}^«11 -LaJ^)ll 

4 jlxiC. (JjL^. ^JJA U (jl (j^AJ ^JA-k-Slil Afljlill CIAajoiII jIaj! (jV t ^)JAJ^)S J^ll (jj^ (J^IaC-I J 

.^JajaII jl^j-ajl 4 nmj (_£ill 6 ^Aiill A_^_nj (_£jl^)^Jl _Laj^)ll 

^)j£Vl Aij . Ajj_jSja11 CIAjxjIaII ^^3 £_uj!j (jLLaj LT^ PDMS Jal J-ax^W (Jaa!Laj 

11 A_i1j c > u*o (j^AJ . .via ^jljIa ^Oail c. <jKx> C5^jl ^ u^il Aa^^)Lq 

<Jajajl JA ^ jk^ Sjlc.j (J, 1 ** 1 .)^ C > )\j>.rO L-JIS (Jj3 <i^)*Jl 0^)1^)^ Aic. PDMS 

^■U.jll j)-o jl (jj^LAl (j-o ojj£_j jl 6 ^>^1 PDMS j (j£-ajj c^Liil^c. jilAll 

(_^jj)Sx 11 ^iC. JaJ^)ll (J^.xaij .<3^)*J1 dc. iAjojj^C. ^iC. jl o^)j-k-£aJ 

1 Ia j^Ajj a^JUaILj 


c > lUo'n V PDMS 11 (jl 63 .1 a^ 

PDMS AjjjfLiAll CIjI-IxjLaII (JI-^a ^JjujjJ (j^-AJ *^1111 (Lille. LLaxjJaj A_illc. o^)l^)^ 
ajl^)la J^l Adjl^lll j ^a!1 o^A (jl »^(J^1 jl ~100 nnij AijjJaj 1^, ^'-3 ; i3^J ^axjIa CIjLauj 
djlj^^A ^ U^ol L^aI.^VuA (j^AJj ((jjliLolll jl jrU.j]l (jA ^(Jsl (JaLaA^ ^Ic. (JSdlJ 

^1 At.s-1 £ H^ll (jjl j (3^^) PDMS c-ldc. ^al , W*U ai 1 (_^_ - >^ tJUJl (^g-lc- AIjIs 

djtc, Hi] 4,lg jqill Ail jVlj ^aj-uJ Iaa (djl jlxll (jA ej^xll Ljajl Aij 64,65 . ^juIaj^^^ 

IjjJC. AaajIa J^jS J a 11 PDMS ^ jff 7^^ 1 4(j^lj . AaajIa J^^JaII oLiill ^3 0 jV'l'N <ctll &\ ^il 
^SVill (Jjts ^jac> (j (jl lAj^yLillj ^JIaaII PDMS L ^^yLhhII c-j^iall (j^Aj 
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(jj .<x 3 j!a jit- dlllsd U (j^AJ 1-<*a 6 ( 3 * 0 ^ £-° ^)J3t.‘lj (jlj 

dll 3 AuxjLaII CljLliiLajll (_jsix } (JaViI ^.it, in Ia£ Lij3 L)^ ^jjjjSxII Jit- PDMS -IaJ^}]l 
^ ja^. (J^l 6^lc- ^^^A PDMS (j-ojJajj ^lill Adjl^lll jI^a^I (jj tLiJajlj . ^JlxJI _Laxdall 

^3 I Aa.iVuxiaII ^(Jjjlij j'n^il jl (jjpjxxil^ <alikA diUj3A &Ld ^L^^l ja Lijl_ixu£ 

.^j^JI (Jx^qll 

Applications of nanofluidics 4j>iUil tiLajUi! cjllulaj 4.23 

Aaut^U ]|j jjillj d>JI 1.4.23 

nanofluidic biomolecular sieving and sorting 

a a 

CIjLujILq dll 3 CIiLgLuIAJ dUdjAll jl (Jlj^jxll ^ll J^tlA (JSxxn (Jax!1uJJ 

4 <ixjlA^jLill (JIaxJjaI <_j£aj . jj^ll — (Jj-a^ll CIjLiIaC. ^^3 Aj^ja^Ij 

. Adi jdxJI Aj^jLill ^LoiaII dll 3 3l ^ aII Cj^ Ida^C. 4 A a An a Aj^jIj A j i n ^_xjj^}a j\ (JIj^C. 

dlLojlLa dl!3 Aj^jIj (J! jjV . j^iaJ I^£a J^ixj (JjLoia o^C- dl_iA 4(j^lj 

V cLfjlj .(J^joiIIj j xul I^>aI AjIi^^JI aL^xJI ^ (l-lOnm) AjjliAll aLIS a_iaLuia 

JjfuJ ^Jc. . Aa J g Qa Jit- Ajjd^JI dllll^^JI J Aj^jlill ^dll ^J^LoH (J-iC-liAll 

^^nll Ajjj^JI dii-li^^il Adi ^ joixJI a£^>^JI J diliLnll ja 1.1^. (JJall 4(J13 a1I 

^lajj Lode. I:idxj I jXjJa jll ^r u^ij .(Nanoconstriction) Ajjjldl dil jx^Vill j Aj^jidl 
J^ldoll jldcNI 03 *-! 3 dNI i~nj 31 <.A a<x>i!I Aj^iaJ ^J l dild^^JI ^jI f- j^\\ 

Ao-aldj 4 dll ^n Will ja d.lxJI ^^3 S-liLo <a!s1ia]I A_ixjlA^jLill AdS^I ^^ild 


-li^. J13 a jA Nil DNA II dild^^. ^Jx^o 1 ^ <jl . nSH dll n^^JI j dl a^i-nII 

J±^JI dil 3 DNA dilli^^. (Jj-a3 j .^LdA^^U dildl^Aj A : i*jLA^jlill o^_^.NI 
^jujjj DNA 4 nj>H l^-^ (20kbp ~ lOMbp) Jj. WaI I ^jJjaII 

^ x^iiill (JL^aII ^ a_ia^L^JI ajjIj^^II aJL^JI Li^.jlj'N'ill ^ j\i>ll 

.ljuxii 1.1^ o 3 a DNA M dilli^^. ^xi13a ^jl ^.Ij 3 J ^Wg'uxnj 1^. <11x3 jit- 

% 

£ ^ jy ^ ~1 |J in ^ (J jK ^ ^3 <1 ^_1J J^’lUl) J^o" l Ol^i'i 

lillil .~16 |jm jA jaaaII Jjiallj i Jj. w . al l 40 kbp DNA 

li^. J jk* < DNA SI " t ' jj .'SSI CjIjj_^JI ^ 'A ^jj J lj^c. ^Jli ^jS^all 

.<^U1I MEMS 
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A \ Uj.i_j A ^C.I_ilaj«aNi ^l^-S! ^^jlsl (j-a cJ^i b^ (jdujl^ dj)xNl^3 

^alc.,21 J-a A qj^x^i ^llx-aJJ <C-^a^-a1I &1a dbals .4L^la DNA dldj^ Jj-aAl <Slx3 
DNA Si £-3^ yy^i Lode. .DNA Si a£^>^-S dbac. l^ii ^ic. 4_^l^j^)fLi4 4dsl 


Az- ^ a^a J^nA'nj . IgaUajlj 4_dJ^JI (Jx2>IjuJ! aSIc-Ij 4j^jbll ^dll ^ j3j (SUaII yz- 

^aUaj (JjaIJaSI s-VjjA tDNA Si ^Ic. (AC) 4jjlVl<all Aalj^jg^SI (J^l^Ji y& *LaJ^La 

^_ujl_uji ^ jJ Ia-IaSI ASlJ (j-a DNA dllij^. Jj^aS <jl£-ab 1.1a. Ni-*3 AC-DNA Jj^aS 

(1 1.23 68 7( \<Lib o jjs J!>Lk (Megabasepair) 



Oik 5 m< 10 mc 15 *•<■ 20 u< 25 «ae 29 me 


l 

s 

*» 


*< 

^ W-w 

lau* 

•" . 

> 

Jim. 

JL 

A 




400 *» 


(m) 


(!) .^g>\ lla^al ^Uaj Jjjia DNA — S ^yddl Jl^dl dll 4ajLj£i]| o ja^JI 11.23 JiuJi 

JJLuu (jj^ .12x 3 ^i^ludl jl^aJI <j-a Ajj^ ^4 Sjjj-a JNd (ja ^J£ 1 4jl.au II )±ia 

Joa. ^LaNI ^1 ^JAjj Qja . JLuJI yk Jaxa jA La£ 120° dtaul ^ ^bj^ili JLadl 

dl ji j£j 0 J& Axj . Jjlal 4daj d y& 1 \ll[z> JjlaNI DNA — SI <jt3 t j-u^aII DNA 

DNA — SI ya j)2j| cJJJ Ja^aII (ca) . AiUda JIjIaL DNA dtaja. J-^3 ^jau 4 ® jj 2I d ^-S 
(4a£j^aNI AdUa^l AjauaaJ I jib 69 j2l) .^Ualll Jib (48 kbp J 166 kbp) 


(jj^)fLi2l (JJ^ dl^x^Vi £a 4a*jLa^jlj S\a3 l^)ilkl j tx_daj Jig j^j£j (j^A 

4_Lada ^Sal-La (Ja SLIaSI oIa 40,41,71 . Jj.W aII JaaJI 4-a. jJJa DNA dlajJ^, Jj^aAl 


(jlLiAiill dlnVij (jjfLiLJI ^^ic. 4-ajliill bal^jC- j!liill A A * til y Az- j n^i4 AjjLiIa <iiAC- j 

(_j^a ^a.^AuxixaSl DNA SS ^-aJjdSI ^>la^Sl <» b^i'l ^jl LaJ .(12.23 (J^dSlj 


(^lal-La ya dc. DNA SI J)1 VAl i£ -^3 c<LadaSl AAlai-aSI 


yn .^allaiSI ^^3 DNA SI ( yjyn^\ jl VWVI I1 a .<La-iJa ^Jai-La ^Jj AA \aZ 

jl ^ j^sqSI ^j-a Cl2} Is Vi (j-a c” rNx>“i ^3 (J ^laVi DNA (ji c^LalA^U ^)jbSI 

.Alj&Jl jl^s!>L! li^Lk ijj-aS^i (_^A (^^liSI blli yA ^>^i Az> yni Ayjyn^\ dljLaaa.NI 

y 

bSxaidJ ^3 (^^uuS ^21 J^Ldll Aj-aAl y.'&i yA ^ySh) jjl o^jAUaSI o^-S (j^-aJ 
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40 


Cli^Sj .23 ^jULaIIj aILLIaIIj ^tili ^j-QjJa J)1 Vi*\Vl A. iLoC- <jj .DNA Si 

^-qjujj La-q Alijiali DNA Si diljj^a. (jjj Aj£^)^. 

5) DNA cJj-a3 .AjjJaAJ ji A ^ai . W'uJ (jj^J (Jlx3 <jj^a£j 

.a1jA2 30 (jy d. c 15 mm JjlaJ Adai oda A-iSUij (166 kbp Jj 

M 


t„ ■ 1 5-3nm 


0 ) 

1 1, « 75~lOOvn 


(.) jjSS 


•n 




DNAJfcj* 



a 

I"- 

Jt 


j 


T 



1000 1500 

(s) 5 jm 3I I>j 


2000 


— !! jil! jiUail ^jLjJaij j (1) jilU DNA J^a 12.23 JLuJI 

AjSjj^Sfl AjXAaJI (j- 3 cPW 40 _^aJI (j" 9 ) ‘4$J^ a DNA iliLuja. <j^o2 4->jn (<_i) .DNA 

iAill 

l.lli. L^. j y^l 4_iXjL<a^jlj]l S j>$^Ni (J^jjjj cDNA — Si AitdaVi-j 

.A3.2j c. j!iSi j ^ja^AiSS ALlij l^-oLai-o ^jV co.^xaSI ^jjajS ^li (JjLoi-q 

^,W'u J o\j& ^3 (Jjjla DNA Affjj^Vi jdjVi 0 j3 ojjLojj 

CIiLiaa^. Ojix-a (_ja Ac. j) u^a<Q j^^^^Si jj^.2 A x> A'i i<a AaaLoia Ajb o^jLaj^ i^j)dnln^n 

tSLl^Lip A-ujI^jJ Cj^^. ^^.(Jj^la DNA £(_£^^-S A3 L*_aS 1 Aijji^li Idi-oli^i A-ujI^j^S 

.AjjLajj A-iajLg A iLa^) ol j3 ^3 DNA Si 

4_j jjU j»Luu» Lj}i Ajjjja. 2.4.23 

Nanopore molecular scanner/detectors 

* * t. ' * 

AjIaIS 1 i ^)aa A_i*jLg ^ jLili AdS^i ji (_£^ji-iSi ^uLiLaSi dli j dLaLuiAli (J^joij 
CjUjjaJil (JliiijV j£-aJ C(Jjjxa dc .A_i^. ^S jjj jl Ajj^ AjjjJ)^. Clal^uti-N J_^f*-S 

^)3 jj .Aj^^) 3 ^jc. c. ^aujj Iaa ;i^jjL(U-Q (ji ^ij^iSi oAA AqS'A^Si 

Ij j jiji djlli^j^Ji *) a a) Vi c” n^>. Ajjj'sSi dll x*i^kX>Si ^d-£a^)3 ciiSj 

.AsjjUll CliLaLuiAli ^c. Lode. 
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^^juLajjU (Coulter counter) I 72,73 jjia 

(Jjls ^}jjULa jl Laj .(13-23 J<; x'lill j ^)1 a j_j^Ja\I 4 3JAC- A-IjuLa 4_lial ^al , W'nJ-J 

^A-liL .oljiil 4_ijlj^)£^]l 4_lx-aLiJl ^LuIaI! ^)JC. (JJ-13M ciilll C^LuIaII .ilxjlj Aj^jULa 


dll aJx^ ^ja ( -— 2 J-^ ^*1 A'uxil t ^ijl ^)dil U^ 

L^jLoLA I AlA \ g xxiq'l <C- JA*S a!1 CIiIaXJjujI . ^aJjoL^JI ^pjlLa ^aJ O -0 J 6 

4_lia! ^al ,W“lxxil Ix^aji ^al_uiA (J a*J-ujJ <XjoA 1 ^ jj\*s ^uLiLo ^ U«ol 

(_JA (J£ ^a,W"ixxll .£jbl]| ^^9 Aj^JjAjl ^21 dlll^^JI (J^Lxjd ^A'lU <LluJJ 1 g'lQxeOj 4_iAjlA^jlj 

(~ 1 |Jm) AijjJaj (~ 200nm) SljS ^AiyLojj d-iiiiii^dj ^ASLojj j3 

>/t\ ^jc. ^_jJa3 DNA II cJ j 1-a-o t^Yl^La DNA dlli^)^. AjAaM 

•LSJ^-' 


(') <^> 



Time (s) 

a aj sjj*a (ij .jlujjLwil jjJ .-.I «j. „■>.< j^jjuLajjU ^LuiaJ jl-SC 13-23 

jjJ -_il.-L.-La. sJC- j_jjC- Jili, sjLil ;j aj f™i| -AjxjLajjlj illil i ^jjIaSI 

.(fbjjil] ^xa1\ £>* Lpk 72 U-a) . (CjLrn^) (JJjIiaII 


^3 Jtull -li-ldj ^ixxia] 4_IjL^-a ^^3 ^jJjuiaII U^aJ 

^.w'u J . (J j.Wa' 1 DNA dlli^)^ 

qa Sball ddaj ^2.6 nm ^Iaha jIxjI a1 c ^^^- aLoia j 

Ldli . ^yu J\ (Jj.WaII DNA 

DNA M z- a q\**A a! 1 A_pj^)^2l a <j3I^a cijlijllAj t2ll2j 

C1jI_j^ 3 bilj >> ^ i\A"n t A-jjl‘n\A ^ja (Jsl (Jx^i^kj .(14.23 

- % 

^J^2I q±i J)JJa'i\ 1 4jYq \W o2a 1 g ikxi^'i A^> jAy aII bilj Six . J c." ^a, W~U i.il .<xj^)juj ^j*u*iVi 
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^iV JjiVj AjUJ (jfcl j 78,79 (poly(dC) 10 o poly (d A) 100 l&-°) ^id£ j d 

djLaLui* ^ juAi ^ji . (_£ilV DNA I ^iiLVi j^ ^Jldili 

JU3M cJl jLaj . L-Ldkli A-lujLui^. (ji 6 l.W A CjLluJ AiA £-0 I IjWl ^)j£i A t iXjLo^jlj 

.Ae.^uJi Aijlali DNA Si ^ IjiV A jVqil JjsIuiaJI ^ iic.i j Ivi^A j uVi'i i ia 



(jV DNA — Si cjUjj^ HjlSj ^LuiaSI Aijjlaj DNA ^lUSi .ijiV 14.23 JkuJI 

79 (j^) • <jdijV ji^' -^-^j c AjjjU ^Lula ^3 ^tdc- jaj 

. AojUjoiSI 4 jit Ay SI (j-* (jjL 


Single molecule detection 


Ja^j f-isj*. 3.4.23 


tJjLuj ^ ClAli^j^Ji jjja-V] il^. 4 -ujLui^. A_Vj AjjjjJali tjWili 

ci^)kj^A .Aj^^Is A qj A^S (J-oL^, Ai^-j ^j-g Aj_j^i3 o^jLoij V 1 ‘Naa ^Jj-ai (jVij 

^jjlall ^jAuiVili ^^.Ic. AajIs . 1 i^.j (J*i**»V^ Ac- jaIa dj\ jiVi L$ ^)^- 

.lj.lV j Aj 1^)3 ^jxunV ^jNi AjI Ae. jUi Clil jVqMi olA d±Vi .^j j-dali 

^lili L_JjlVSi 8 1 ~ 83 . idllniaiili (_[j-a £_uiij AdWiNi alA ^lajujj L-S^jujj 

(_j-ajl_x-ak ^^3 tAjj^)£L<di CllLaiLkli ^j^Ac. ^Ic. tAjl^)i]i djllj^jVi (JjiaaV ^ 1 \ <_£ljJ 

. CllljJ^j^Ji (Jj-o Jajai jlo iki ^Jj A^L^Ji (j jIj Ajjj^j^ 

^3 Ajjjlili L_fljUa^]i C1 l>LaI^. (_j-g Ij^. j y^. (_y LuiV J^j'q V Li^j^AJ 


dlliA dij^j c(Confocal) (jj ^AiA jV ^ ojl^Vi ^j-da jVjj (JjLoj 

a^)LujNi cJiaj . (jj*-A dl3j lie. ^3 Ajjjlali L_fljUa^H C1 j!>LaV AjuIoj Ja£3 
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^at^ll 11a ^jAjJa dlUj^^H o J)Jaa] 1 A_u-aldJl lAgd ^)jat x^-> ^jauaiVi ^»~n Aj^j^iill 

ojlll j c AA^p*a1a 11 dlLj jx.ra Jl£ tAc-^liA (Jjjl^laj IIa J^Vi ^£aj . ^)J«.a^>'1 

(Surface evanescent waves ^LajJI Aic. Uj^ <1jI jll cIjU^jaII Sjlllj 85,86 1 yd jJja 
(Near-field scanning c-iijill JU-all a^joiUI 4jj $ , > .a 1 l j <, excitation) 

88 90 . optical microscopy) 

| ^ ^ JaLij^jVl 4 ja\ '\-i ^ U1 w k .1 j<;v I 

tjAia ^ Clip. c (Fluorescence correlation spectroscopy - FCS) 4ijs-aloll 

•fd' dill yA A^yldJl Ajjjlill SyLujVl y*U*lVl yy^Jj J J,W A yyyJ 

SyLujVl Ajudll dlliVqJl uAi t^^Jl dill yAjJa dllliy^Jl y- 0 Jala (Jda JAc. yld llj 
Ady^Jl yc. diLoyixA djLilllJI &1 a y jfiVi .A_iaA 1 dJl oyyiill ^Ia^Aj AjyllA Ajyyilll 
JalijjVI Alb . jlddVl (J-qI*-a JIa tAdjj^Jl (Stochastic motion) Adlyd*ll 

^ dildy^ll yl JirViVi (JaL*_a yjjLJi IaaIc. 1 TiSaj t y^^Vill yA Ajyyiill oyLuj^U 

.JLJ\ 

jl 1 fl ^gJlyi. yA A_illc. N.A. dlLiyj-aJ (JLajCIujLj ^^^-^ly-dll ^jKaII ^l^JI yl 
c > i UiiTi . ~ 1 nM yd jfi *^ c ’ 1 cJj-^ 1 A^£ ^ dAiijaJl AAc. Ja-ui j2a j c Jal 

Ld ^3 dilliy^Jl JAc. jljJjV c^^^-iAall ^1 ayldVl Ayud yyAAd A_illxll ydlylll 

^>a>L 2 k y>ijqVil Ac-yda Ajyjlj (JLa*!1uj 1 ydAJ .lAa. Sydu-a ^u/i'i Aj udll diliVqill yl 

ydd ^a, W'dil .Ss-LjaAll Adxll ^ yA A^JLj yl (JjLuJI y \ IaI cydl y+unAill 

A-ial jJ^a! ^jKa' 1 y,dAA)Vlll yA ■ wM yylAyjli ^JjjIjIa CIjII A J lA» A ^6 j!>Ia^J 

jljAjl A -njVi .^g-lc-l ^1^-jJa ojLail A^jaij Ul^A l_jjI_ja oAxj JalijjVI 

Aj VI ill oAA ^al , W'n^il Ajl^ cA \)x\\ ^■^a-uiaII ^JLxil ^)j£_jj]1 j ^c-i^-jJall ^Jl o^jLujVI Aj-uij 

A^ilj Ig'iq^j JjlVill j ^j^utiVill ^ ^Laja!>IJ o_jjja 1I Clillnialll ^ja AjAxII 

92 ’ 93 .DNA —11 ^ Jtnll AjA^i] dAjA^ 

Electrokinetic fluid control jJLAl AojUj^I) Au£ jaJL 4.4.23 

.still (_^Haj ^jlxTi V ^ajlll As^^yji ^jl ^A lAj^a A_ix-al_k ^jL^^II ^jJalllll 
jl Aj^jlj ^Laa dill aI^a ^yi£. (JjLuj £3a] (JjIa ^^Jj^AjA liit x>a ^1‘W 'i 
^JajuJl ^j-ajL-adj Jala ^jla'V'i ^L^^ll ^uJaldll ^ad Ac. jjoi J A^j cA^xjLa Aj^jlj 
aj] jj _jlg *sl LujLujI (j j5L) ^jl ^Lj^ll ^dalliil Ajl ^g. I xj 1 1a . ^iJ^aII ^JjaSIIjj 

. (Jlc Jax 
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dab KjLi CjWaj \ jda-A b^xd LaLaJ (J ^a, W'ntil 

(Jj-ajJ ^ Fa« ^ J4 t^jb^-^ ^jJaLlj (JpSi .111 j!il J^±A 

£_ix^a] a jab jjma A_L^aj 1 g'\°us-i) 100 nm 3' ax ^ °j^-Oj l£J^ .(8000 psi 


Adda-al ^.Ajj^}fLui dllili^) ^jb^^ll ^jJaLiillj A : ''V‘u« < a A j^jlj^JLik 


A, a >.s-xa 


96 


98 ** 97 

i(Nanotitration) Ajjjllll Sjjlx-allj ^^j'al Jj*qMl Ail £j 3 j^ >>» Ad-daaj 


HPLC ^aUaj (Jl<a C A_ixjLa ^ (Jbaxiu3U dlbjllJ o^c. ^bbj^lll ^jJaLlill 
Jjlx-ali 

"’ 100 . (Electrospray) gbbj^l ^c2b i \)^\ \ ^lij 


E 

4 
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A_u] Jb-a Ala^ljj ^bj^ill ^r dal nil J^-ili 15.23 JjLuJI 

^ualUll ^adalll 1 Y\^a\ cA-juLa dUil ^^jl^JI ^ic- ^^.ajLa oj^ . (AjI jolj 

11 ^ AjI^oII Auoi^a Jajda jjC- AjadJI l-jMSjI Alkia dbia^j^j ^Vill Jla LaLaj 

(^) j-ualUl) 3 ^ 3 jLJ] t-JLui 3 j.^1 (v) • Aj^I^- Ail^ (1) .MOSFET 

,j-a jib 18 j-4^1 (j-a) .^bj^Jl gdat nil 3 ^ (j^j4AM lja j^a ^jj-a£ 3j.^" 1 

.(^Isdl ^.ill Aa£jj^VI Ajjla^JI 

. Adxjba^jbll j A-ixjbaj j*Nj , a H Ajj£U ^JajJI ^JalUll 3^ 3'**\) 

aj^ba^j Clj^j^ijajLaj ^a, W'u^il . ^a^l-^- (JLa-A 3.).^*^ A_ixjba Sb 3 ^-Lauj 3j) <Q ^J ^aMl 

C‘ na 3-° l^A .(15.23 ^ . A-i*jLa Sbi! ^JajoiII 3j <c 5F ba.3-^ b^-a£ 

^ajai Ajj^jfb-all bjbjj^jj£!Vl ^9 (JLa^all ^jdb dll _j 3^ ^Ca. ‘M-vba bll 

^-LxuJI L_3lbl AlJa aJj^d^aj AjI jJI A_iil ja ^\^."\\ cilia, c ( 1 6.23 c“FlowFET” 

( ^a^yLall ^-Lajoil! 3_>^ L_li^ A jj)\ ^-al ^^.a^La. 3^-^ • (Jl>*aN _J^bj 

^ajg k^W 11a ^JjujjJ 3^ ^ 3^° ^-Cabill 3^"^ £cJu j a^)bjj| I^C-UaJjail 

^abll ijAic. \ g 'l^^aj ^ o^Lt-a djl^b 3^° *^3^^ C5^) 

. A-jj^) < s.) < ali S bill ^ a. ^jb-aj£ jl ^jb-aj^ Jc-llb 
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Jt'ifl j* Sjlaj | 


AA BB Jai* 


Mr 

9U 


»1 


300 - 


£ 1 » 

IS 

3 100 

IL 

0 » 

w 

O' 

-$0 

•100 


r — PH«<5 , 


't 


fvH* 3 b 

1 


40 -40 2D 0 » 40 M 

V f (V) 


fui J (i) .4_SLsjj Ci jjiuiLi Jjl <jjs *jj^a flowFET 16.23 JiuiSI 
^ i ajj-i£VI 4JjjS 390 nm (jjfuluJI Aijjj ^ f USc _$a SUM jlAa. .flowFET 

JjialjlSl Jjajj ,_ji jjiail (i_i) .AjIjjII ^jJc- (AiUjA (Jjjiaj jjij i(MOSFET — SI 

a-lii! Aj£jj^VI Aj* aall ^ jjjL 18 £ajaSI jjjsJ .AjIjjSI AjjS jj 


Summary 


5.23 


4^JIx_aj (JaIju ^L^Lolo CjLixjIaII (JaVs 

JaI^II (J)lVlH ^Uaj JjLijuj C5^ Aj-ujI_ujI 4 JlA 

<jl2 (. Aj.^jVq \W ^LolaII clA ^ ,ui^a]1 j (J^IIaII J *c£ j_j^ja1I 

L^JLaXJjojI ^j^AJ 4 aJoYia 4_lij AjLlxJ \ g AjAxro“l (j^AJ 4_iAjl_A^jLi]l Clsl "S. aaI^aII 

^ii^IaII <jj . IjLiSk a AW a Aijj^)ia ^3 Clsl aj^i~s j £a (JaIjmU 

Jx^q'l j (Jj\Vs\l Ao.w ^ jg ^a J] Cfi &A& Jia Jc. 

<ali^A <_£ qAaIaW Ale. jUiajVl J 4_1 ajLa]| q\ 

a^^Vl ^jAAro's ^j^aJj C(_£j^)£Ia]I jl ^ j^j^jaII ^UaB Ale. 41 Alai ^ aII (jc. LaLaj 

£-a .Ac-j±l* Aui.\X\& CIj^I^jola] dAlA^JI ^ajl xro^ll oAA ^LaiIujV AdxjLA^jLill 

^jI^aII A-iiilLallll J 4 -IjaLujVI dj ^ t J cciil^ 

^pjLiL<Jl Aic. £jIa1! ^ j 
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Questions 




1 10 nm j d jam dOO jam Si AjjLj^ il*j| £-o cIiIa-ix^ ^>iic.i — 1 

Qii AjjaiiU Irujij ijjd JaC.1 6 A_i^.jj£ A-ijljjjiSi (jjjljall ^Iw'dlj . ^Ji jili ^Ic. 
AjallS A d'l ^^gjudllj ^9 . ^xluddi ^9 A^-j^SSi fij9j d^d-Si 

? dll fid ^9 (J jiiSi c^S'i^aj iiLo .Ajjildi fijiiSj 


^-lijjljj 30 (JIB (_ya^)X . J ^_jJa^C. ^JaiLo dii d^li^^j^fLiA Adi ^}JJC.i — 2 

od jjc. *Ia Ja*jJall L_Lai^.l .100 nm d jam dO (am Ji j^Si ^^Ic. 

d (jm/s cjd Ac.^)jai ^gJc. JjA-aa. II AjjaVI 


l^jiaijJ j j<~- ' .I_)jj5Lia]I CjLixjLall Jj^o ^llc. I jjjfLi<Jl dlljjl^ll Lajlj (jilxj - 3 
.Lujaj 2 |jm Jjlaj (Microorganism) AjjjfLi^ ^u>i»u t E. Coli 
L-boia.1 tl nM jl.Vl.ai “Lullc. o^Lo jj£jj ''' r - -~30 |jm/s Acjjoij e-Lall !^h 
SjUI qa Jipk . j cr^ (Jj^^SS E. Coli — S3 (j-ft^)3l Jajajjd 

ddJi ^iJaLajj V E. coli — Si (j\ ^iic-i chilli .(D = 10 2 cm 2 /s) Ajidli 

d9^Si qjq _ji9 . d-lixl Ajidli SidSI dlli^a. jlVi'n ^jl l g jlc. j 

Ajd-oli SjLaSI <ja .li^j C5^ iJj^^" jh'Vn <ji E. Coli Si LS - ^ L5* /U 

AxIIaa Adi-Lo ^gic- ? (jj^jjdlSi ^jjd ^9 (J^iiSi ‘d'l^Aj iid ?AJlaJi fid ^9 

.( 101 Purcell Alld i ^9i tA_i^. jl A-ixjLojjfLiA Ad (jld 


30 d cm cJj^ 3 dli A_dl_Aj^)fLiA A_i^.d^3 Sli9 4 

£jL* 3I .Jl ilSi (^5-Sc. JjjVi j JjjI£S 1 Adaiijj j^ijdlj 10 jam jij (am 

Ajjjldi fili^li (ji ^iJU l-AA C^li-A £.lc.J (Jdi JjjlSii (_JA M jiSL 

^ic- ^ jdo ^ji^dSi .^ji^di t^iS3 ^ji jj^^Si ^Ladi 

l^Sj jli t^jjJjjdSVi (100 V) Ajj ] jh ^niaJ a .^^di Jaxjjali 
.JaiuJaSi ^>a i-Q-Q J^S^Si ji jdi ^jldi (Jd ^jlj^^Si ^jJaLlili 

A_lSi (Jj-aJ ^ji ^J^a) ^3Si Saar »^->SS ^_k-a9^i ■ W,Si c__Lui^i .^jLoSi ^Idi (ji LiJa^iiA 
• 25 mV oj^9 SliiiS llij L>^j^i •^•^j^l^Si ^ji^^-Si 
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jHo i 

Poling process 

> i 

Planar process 

4j 

Tapping mode operation 

jjcS\ ojj j— ^ 

Feedback control 

oJJ jll AjJJcJLi c 

Shallow hydrogenic Impurity 

aL>e_»/ 3 Aj AolJo 

Generic 


Long Haul networks 

AsL^vJ. 4o tOlSwi 

Jelly network 

4$w^ 

Lattice 


Pseudocrystalline 

^jjL ‘uJ. 

Quasiparticle 


Pseseudo gap 

o j^>t3 A^J> 

Quasi-discrete 

aLv2-ALo 4*^> 

Dendrimer 


Charging 


Transient charges 

o ^ jLp 

Transient charges 


Intensity 


Boundary condition 

AaU-xlil i? t iS'^' ^ J** 

Indium - flush 

_ V a! 2.Jo 

Capillarity 

^ 4j 

Superlattice 

Afljli 4 j 

Flanges 

AilL« C oLitJi 

Motif 


Allotropic 


Profile 


Gaussian form 
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Dopants 
Stringer 
Spin casti 
Sheet 
Array 

Dilute array 

Hardness 

Rigidity 

Spin valve 

Sonication 

Image 

Outline 

Profile 

Micrograph 

Sol gel 

Focus control 
Intrinsic quantum noise 
Electrokinetic pumping 
Gon 

Interband 
Photovoltaic 
Photo luminescence 
Ground state 
Activation energy 
Energy band bending 
Strain energy 
Gibbs free energy 
Free energy 
Energetic 

Nanotransfer Printing 
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Micro contact printing 

Cladding layers 

Specular layers 

Monolayer 

Inversion layer 

Seed layer 

Epitaxial layer 

Layer-by-layer LBL 

Wet layer-WL 

Hole transport layer-HTL 

Single Buried sacrificial layer 

Nanolayered 

Heads or tails 

Lead 

Interferometry 

Plane wave expansion method - PWEM 

Weak phase object approximation 

WPOA 

Interphase 

Microphase 

Persistent length 

Coherence length 

Transmission spectrum 

Layered clay 

Phenomenological 

Drawback 

Steric hindrance 

Transient 

Beam 

Stretching beam 
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Li j jJj oLd« Aids i A-Lj!j A fids 


Aadp jij A ids 


A*b } Adh 


* > jiill Aids 

Lib Aids 
L jjlj A~ad? 
aJLaJ jl 0 

J^l-Cl (j jh 

A)^d~ll A>-^1| AA 

^Jjdl ^ ■' I jjb 


Jr ~i 

jj ^ 

^ j\ ^<d— ’I 

Jlio'y I 


0^ 
4_ol jJ&Up 
JjIp 


y JjIp t c 

sS* 

jIp- 

oJdjT 4^/3 jLp 


909 



Dielectric 

Bragg reflectors 

Reduction factor 

Heat-capacity convolution factor 

Surfactant 

Quality factor 

Fill factor-FF 

Threshold 

Percolation threshold 

Optical lever 

Coulter counter 

Stoichiometric number 

Principal quantum number 

pH 

Scalar 

Uncertainty 

Non volatile 

Decoherence 

Aggressive 

Liquid crystal display-LCD 

Trackwidth 

Bandwidth 

Linewidth 

Full-width at Half-Maximum-FWHM 
Torque 

Magnetic moment 
Icosahedron 
Stochastic 
Polymer latexes 
Inertially 
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Aromatic 
Ferroelectric 
Coulomb blockade 
One decade 
Turbidity 
Counterclockwise 
Reversible 
Sign 

Interferometric 

Calorimetry 

Energetics 

Nanoscience 

Crossbar architecture 

Lifetime 

Fatigue time 

Lapping process 

Lasing 

Chemical mechanical process-CMP 

Distort 

Factoring 

Defects 

Gas chromatography 
Molecular sieving 
Colloidal 
Spin 

Blended film 

Amorphous 

Irrelevant 

Irreversible 

Achiral 


Aj ^hp 
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* I ap ol^l S^p 

Aj i ojl ykl (JaLj G_P 

Ailkil ^ j-lp 

Ajjj Lj >»ylp 
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jyJJ I kCkL-p 
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Unoccupied 

(J jtS' 

Nonmagnetic 


Spacer 

ApI~o t 

Radioactive 

aJlpU 

Numerical aperture 

ApOaJl 

Stop band 

o j->c3 

Spectroscopic gap 

‘LiLi 2L0 0 j->c3 

Voids 

oIpI y 

Lobe 


Separation of variables 

ol 

Separation by Implantation of 
oxygen -SIMOX 


Back action 


Untangling 

dJi 

Decoded 

dJi 

Optical fluorescence 

Aj 0 J 

Fluorescence 

dj U/? C Ajj j-Ls 

Phosphosilicate glass-PSG 

yA-^ y$ 

Disordered 

Ajyt? ^3 

Deep UV 


Supramolecular 


Hall voltage 

(J y& A*^J 

Fullerenes 

ji 

Incar-fullerenes 

oy>-{j>- oLj^J ji 

Phonon 

0 y yA Jl 

Longitudinal acoustic phonons 

<LJ yb A^J y^2 y£ 

In-plane 

iSy — ^ cP 

Empirical 


Miscible 

<rLr-^ J; 1 - 5 

Crosslinkable 

dJ-^djdJ ^JjIs 
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Tractable 


Ductile 

<uLJ t ^JjlS 

Thermoplastic 

jJ C jS>- C Ojl A_L>IS 

Reconfigurable 

IoIpI aJuIs 

Tunability 

1 «uLli 

Solubility 

ObjjJl A^bli 

Adressability 

Aj A^IjIS 

Tunability spectra 

i— aJ jj A*ijli 

Rigid 


Bottom-up 


Isolated pentagon rule - IPR 

ojcpli 

Rule of thumb 

to ^ ^J_P UJli oJlpLS 

t 

String of bits 

olio ^y* Alili 

Template 

cJli 

Matrix 

A3 jJL^2jO t t Jli 

Canonical 

Jjjli 

Geodesic domes 

a™o j-~r 

Cap 

A*J 

Hydrophobic functionalities 

A^jLo ^ 4_oLis> j Oljji 

Thermopower 

AjjI j>- o j jJ 

Ballistic 

aJ JiS 

Sacrificial 

AjI jS t aJIj^ 

Iridescent color 

tl)l 1 *Uo>-^3 

Flake 

0 

Pellicle 

aJLs3j o 

Undercut 

JC-I ^ 

Inertia 

AJliiP t (J}ta j 

Polarity 

A....jg3 
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Dual hydropholic - polar (h-p) 

Metropolitan segment of telecom. 

Potential segment 

Segmented 

Parabolas 

Thermal hopping 

Inverter 

Pilot pen 

Oligo 

Top-down 

Vertices 

Mask 

Photomask 
Coercivity 
Restoring force 
Shear force 
Osmotic force 
Drag force 

Sinusoidal driving force 
Electromotive force-e.m.f 
Electromotive force 
Electric arc 
Shell 

Solvation forces 
Dispersion forces 
Steric forces 
Stoichiometry 

Analytical mass spectrometry 
Electrospray mass spectrometry 
Contour plot measuring 
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Inertial measurement 

Eigenvalues 

Gylcocalyx 

Detector 

Hot embossing 

Cryptographic 

Write 

Spintronic 

Organic optoelectronic 
Block 

Areal storage density 
Latex spheres 
Stiffness 

Differentiate gain 
Broadband gain 
Proportional gain 
Polar fraction-f 
Average polar fraction 
Break-junction 
Moiety 
Efficiency 

Luminous efficiency 

Confinement potential 

Streaming potential 

Electroosmosis 

Piezoelectric 

Electrochemically 

Microlecttromechanical-MEMS 

Nanoelectromechanical 

Bio-MEMS 
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Electroactive 

Electromigration 

Collagen 

Stack 

Cubits 

Anisotropy 

Nonlinear 

Anisotropic 

Noncovalent 

Corollary 

Derivatization 

Opacity 

Label 

Electroless 

Infinite 

Bond pads 

Building blocks 

Synthons 

Latex 

Plasticity 

Scrolls 

Desorption 

Hydrolytic biodegradation 

Technological platform 

Microhotplate 

Chiral superhelices 

Chromatic 

Liposomes 

Stealth liposomes 

Lipids 
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Dip-pen lithography 

Ljl 

Scanning probe lithography 


Lithography 

t Lil jL J 

Excimer laser 


Diode laser 

Jjj 

Vertical cavity surface emitting 
lasers-VCSELS 

aJ o 1 

Light-emitting diodes - LEDS 

f. <clpL> ol jjJ 

Distributed Bragg reflector-DBR 

Qy ^jy 

Hydrophilic 

f-Lo-U j\ *UJ 

Metastable 

A^_Ji (. jl Al9jj>J 

Transconductance 

jll 

Microfluidics 

Ajj j5w3 oL^jLo 

Microfluidic 

Ajj ^5w3 A^juLo 

Nanofluidic 

Aj^jlj A^*jLo 

Fluidity 

AP t ‘LxjLo 

Resist 

(aJjIj) 4_*j LfT o^Lo 

Scanning tunneling 

^5j2j 

Macrocyclic 

Ajjj.ij ^S"Lo 

Donors 

<^V2tjLo 

Occupied 

(J Jjfelo 

Confocal 

(3 j>*-*^* t jjL-« 

Truncated 


Pauli exclusion principle 

I.A~o 

Switch 


Heat sinks 

Aj jl J^o 

Fast switches 

A^j o'b/ -Lw-o 

Protonate 

cr’^r 4 

Optical susceptilbilities 

Aj j^3-> > l_) ^J 

Susceptibility 

A_^j Lw^>- l A_^p| ^1? C Aj y llLa 
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Allotrope 

Durability 

Yield strength 

Reciprocal 

Scattered 

Residual 

Enatiomers 

Vector 

Wavevector 

Coaxial 

Quad-psds 

Solvated 

Inequality 

Conjugated 

Collinear 

Isotherm 

Continuum 

Polyelectrolyte 

Polyhedron 

Multilayer 

Polycyclic 

Multi-faceted 

Multivalent 

Heterostructured 

Lumpy 

Coherent 

Assembly counterpart 
Isotropic 
Sophisticated 
Parallel 
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Antiparallel-AP 


Simultaneous 

0*3 1 yJ* 

Average molecular shape 

JSoJl J y~& 

Mean free path 

1 yio 

Gravimetric 

JUl- 

Gravimetric 

JUi- 

Thermal desorption 


Field 

JU- 

Bright field 


Coercive field 


Pinning field 


Fringing field 

<. > 0 ^ (ji^- 

Shear fields 


Stray fields 


Scanned-probe 


Batch processing 

oULUil 

Amino groups 


Carbon clusters 

*Lo y jS A.O yA^ 0>lp y*±^- 

Flydroxyl groups 

A^Lw^s5"_j j -Lofc OjIp yo~£- 

Cluster 

Aj 3 AP 

Lateral force microscope 

‘U-oU--l o j-5Ji 

Atomic force microscope AFM 

iSj -til 0 .rg-A 

Scanning force microscope SFM 

Ojill jjg- 

Scanning probe microscope- SPM 

£~Ail ( _ r Jfd.l jV*- 

Near field scanning optical 
microscope-nsom (SNOM) 

v o yj2 Jl 

Scanning tunneling microscope-STM 


Transmission electron microscope-tem 

(Jlio'yi aj 

Atomic force microscopy 

AjjjJl 0 jjjJl Aj yfc£- 

Scanning electron microscopy - SEM 

A*u_J jZ£}\ Aj 
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^ Oj (JLaiul Aj 


Cryo-transmission electron microscopy- 
cryo-TEM 

Phase contrast Microscopy - PCM 

Scannig tunneling microscopy - STM 

Biomimetic 

Synthetic mimics 

Electroneutrality 

Electrophilic 

Nucleophilic 

Step motor 

Biological motors 

Biomotors 

Diffraction grating 

Bragg grating 

Arrayed waveguide gratings-AWG 

Force amplified biological sensor-FABS 

Quantum dot infrared 

photodetector - QDIP 

Fingerprint biometric 

Inductive sensors 

Decomposed 

Analytical solution 

Free solution 

Contour disk 

Issues 

Media scaling issues 
Holey 
Nanocone 
Chelator 

Lowest unoccupied molecular orbital- 
LUMO 
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Hiickel molecular orbital- HMO 

i/dVX 1 JO* J 1 - 1 * 

Highest occupied molecular orbitals - 
HOMO’S 

ii jjfclll JpVi LljJL-I oljlail 

Unoccupied molecular orbitals -LUMO’s 

aJ ^_&L o J'S' AJo y>- oljl-Lo 

Entry 


Mesoscopic 


Harmonic oscillator 


Coordinating solvent 


Worm micelle 

JiA- 

Correlated 

AJa^J 

Anchors 

OljSvj jA 

Filter 


Optical notch filters 

A-> j */3. > jA 

Interdgitated 

LJl>-li jA 

Quantum dot composite-QDC 

a\sA) <^S jA 

Multiexciton complexes 

^ ^ / 1 ^ v. ' 15 jA 

Ligands 

<. ajL5 Lo jl c c->lJ j_> 1 oJJL*_a oLS" jA 

Nanocomposites 

Aj^jIj v^L5 

Stress-concentrators 

olji ’ja 

Resonator 

jlj jA 

Mechanical resonators 

A^SCol Sw3 oUU ^0 

Thermoelastic 

ajj! y*~ y 9 

Viscoelastic 

Aj>-jj Ajj ^0 

Intermixing 

<r> 

Amphiphilic 

& <J j-J.1 

Amphilies 

A^JV 1 

Lubricant 

A-flJ 

Areal 

A^>-l_^o 

Assisted tunneling 

^yui JLpIwj 
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ol 


Parity 

Probe 

Optical lever readout 

Tapering 

Sensor 

Recovered 

Biological receptors 

Planar 

Acceptor level 

Intersublevel- VISL 

Discrete levels 

Blank 

Track 

Cross-track 

Retrograde-doped 

Grating gratings 

Organosilane precursors 

Human Genome project 

Actuator 

Mechanical actuators 
Encoded 
Focus lamp 
Mercury arc lamp 
Source 

Liquid metal ion source - LMIS 
Drain 

Lightly doped drain LDD 
Identity matrix 
Compliant matrix 
Heavy-duty 
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Counterions 

A C 1 ' 3 \.*P A 

Anti-static 

*\j o$\*Jza 

Photomultiplier 


Frequency doubling 


Electron pump 

oljj 1 Ap^PA 

Optically-pumped 

Aj j+P ) A 

Lock-in amplifier 

^J>z^PA 

Erbium doped. Fiber amplifier-EDFA 

^ >jl ^P^P.A 

Pre-amp 

^Jj£a ^p>t*p a 

Proportional amplifier 

IwJ ^Pr^PA 

Semiconductor optical Amplifiers - SOA 

aX+P ja v &«p) Aj j^P ) ol»> ,*p a 

Mathematical identities 

Lj 

Elastomer 


Spectroscopy 

a^s\^pa 

Fluorescence correlation 

<ULJ ao 

spectroscopy-FCS 


Photoemission spectroscopy 

j-*pJ 1 oU^i^l 1 4^iLia>s 

Scanning tunneling spectroscopy STS 

A^iLia>s 

Calorimetric spectroscopy 

Aj A^iLia>s 

Calorimetric spectroscopy 

(_£jl 

Raman spectroscopy 

(jtflij A^iLia>s 

Tunneling spectroscopy 

A^fljJ j A^ilJa^s 

Shaded 

jik^ 

Continuity equations 

Aj jl 3 1*^0 

Transition metals 

aJL£uI O^L*-- 0 

Processor 


Microprocessors 

Aj j*-*P 

Processing 

AjL-Utjs 

Transmission coefficient 


Ductility coefficient 

A^LJail 
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Impedance 

Titration 

Nanotitration 

Inspection 

Relaxation rates 

Complex 

Suspensions 

Parameter 

Standard 

Permanent magnets 

Encapsulants 

Vesicle encapsulators 

Ferromagnetic 

Ferromagnet 

Magnetostatic 

Magnetomotive 

Bohr magnetron 

Exchange interaction 

Hall-effect 

Expansion 

Asymptotically 

Complex conjugate 

Clearing 

Photoresistive doped silicon 

Piezoresistive 

Magnetoresistive 

Giant magnetoresistive 

Tunneling magnetoresistance read 

heads 

Wear resistance 


A3 


0 y\ju> 

Aj^jj Lj i 
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Shunting resistance 

Ballistic magnetoresistance-BMR 

Magnetoresistance 

Giant magnetic resistance-GMR 

Anisotropic magnetoresistance- AMR 

Colossal magnetoresistance- cmr 

Enormous magnetoresistance - EMR 

Photoresistivity 

Bulk resistivity 

Bulk resistivity 

Resistivity 

Swap 

Convective accelerometers 

Intercalants 

Yoke 

Bolometer 

Quadrupole mass spectrometer-QMS 

Ellipsometric - measure 

Elastometer 

Discrete accelerometer 

Small scale integration SSI 

Mesoscopic 

Nanoscale 

Criterion 

Photodetector 

Body-centered cubic-bcc 

Face-centered cubic-FCC 

Cubic-close-packed 

Machine 

Key components 
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Annealed 
Pipette 
Bare region 
Perspectives 

Enzyme - linked immunosorbent-ELISE 

Enzyme - linked immunosorbent-ELISE 

Manipulator 

Nanomanipulator 

Platform 

Degenerate 

Single-degenerate 

Mastercurve 

Transfer curve 

Bisector 

Brillouin zone 

Depletion region 

Heart pacemeaker 

Inkjet 

Discrete 

Oligonucleotide 

Excited 

Chemisorbs 

Charge-offset 

Offset 

To offset 

Evanescent waves 

Surface evanescent waves 

Traveling waves 

Standing waves 

Traveling - wave dielectrophoresis- 
TWDEP 
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Plane wave 

Uniform 

Gene 

Conductance 

Conductivity 

Superconductivity 

Magnetoconductance 

Rest position 

Monomers 

Variable optical Attenuators- VO A 

Mithochondria 

Mesas 

Microelectronics 

Steep subthreshold slope 

Cantilever 

Region chemistry 

Partially depleted-PD 

Hydrophobic 

Oligomeric 

Tone 

Delineate 

Filling ratio 

Aspect ratio 

Rectification ratio 

Uniformly 

Radius of gyration 

Bohr radius 

Semi log 

Semiconductor 

N-type semiconductor 
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Luminance 

Zj*** 

Ostwald ripening 

Jjl ^ J^ygj 

Flip-flop 

t— t i?Uaj 

Valence band-VB 

LL 2 J 

Conduction band-CB 

(jlkj 

Parabolic band approximation 


Band offset 

Ajjl ^Uaj 

Bandgap 

o jj>*3 (_^Uaj 

Electronic bands 

*Lj j ^5vJl oliliaj 

Micro total anaylsis system-MTAS 


Global positioning navigation 
system-GPNS 

£3 jll Jj A j>-*)U,I ^Uaj 

Nanoelectromechanical system-NEMS 


Orthodox theory 

5 Aj jJij 

Transmittance 

AjSUJI 

Electric susceptibility 

A^jLi <LoLL 

Tunneling 


Sequential tunneling 

‘LxjLo ‘LJjjJj 

Coherent tunneling 

A^SwLc ‘ULaj 

Co-tunneling 

a5"jLws A^JL&j 

Imprint 


Direct writing by electron beam-DWEB 

oljj A>5^>- aJa^I JJ 

Nanoimprint 


Transition point 

1 aJaaj 

Quiescent point 

AAS*Lo> aJ 2Aj 

Point defects 

l j aIsjJj 

Quantum dot 

A^o A-Ll£j 

Point 

^ \o a i t A^ 2 Aj 

Etch 


Quadratic growth 
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Reptation model 

Finite 

Byproduct 

Novasomes 

Nucleons 

Migration 

Electrophoresis, electrophoretic 

Brittle 

Gel 

Halogenations 

Filamentous cytosqueletons 

Hydrocarbon 

Cytosqueletons 

Tags 

Transduce 

Exohedral 

Dimeric units 

Subunits 

Monolithic 

Unitary 

Leaflet 

Airbags 

Mid-block 

Catalytic 

Metal via 

Junction 

Salt bridge junction 
Bulk heterojunction 
Double tunnel junction 
Hydrophilic functionalities 
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Nucleate 


Unrolled 


Coalesce 


Impinge 


Recover 

J*c-i 

Decant 


Overcompensate 


Epitomize 


Anneal 


Fluidize 


Buckle 
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Abbe term 

Aberration 

Ablation 

Absolute fluctuations 
Acceptor level 
Achiral 

Acoustic modes 
Actin 

Activation energy 

Actuating 

Actuator 

Adenosine diphosphate - ADP 

Adenosine triphosphate - ATP 

Adressability 

Adsorption 

Advance 

Affinity 

Aggregates 

Aggressive 

Airbags 

Air-bearing -surface ABS 
Airy disk 
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Passivation 

Pauli exclusion principle 
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Pellicle 

Percolation 

Percolation threshold 
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Permeability 
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Point defects 
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Quantum computation 
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Quantum dot 
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Self-organization 
Semi log 
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Single wall carbon nanotubes-SWNTS 

Single-degenerate 

Singularities 

Sinusoidal driving force 
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Standard 
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State-of-the-art instruments 
Static 

Steady-state 

Stealth liposomes 

Steep subthreshold slope 

Stencil 

Step motor 

Steric forces 

Steric hindrance 

Stiction 

Stiffer 

Stiffness 

Stimuli 

Stochastic 

Stochastic effect 

Stochastic motion 

Stocks shift 

Stoichiometric number 
Stoichiometry 
Stop band 
Strain 

Strain energy 


J-O y l 4_Ju y* J 
4>J jS 

i ij'r'-* 

yxj>\ 

43 ji y ol > y t 4jl3 yjO y 

*S\s>- 
_ 4 Jl>- 

iJlxJl [y- 0I3 "i y^>-\ 


jl I 5JU>- 
oLojj 


ol jJa>- i] 
oljjJl Jj y 
< J»’\ y JpU- t 

SjlyJ 

4^j 

iol yt+S* 4 S y~ 

jilScJl s* 

o^Lvi? 0 jj>*3 

ijUuijl 

4iUs» 


968 



Strain profile 
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Surface micromachining 

Surface tension 
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Vortices (vortex) 

Wafer 

Wavefunction 

Waveguide 

Wavelength division multiplexing- 

WDM 

Wavevector 

Weak inversion 

Weak phase object approximation 
WPOA 

Wear resistance 
Wet layer-WL 
Work function 
Worm micelle 
Write 

X-ray proximity 
Yield strength 
Yoke 

Zero-dimensional 


ji I j t iilij 


yo AsyLa 

> I 

(_5?d 1 j yb 


A>3 

aJ^j AjLl? 
4jb 

i JZj* 

c 4j bS" 
AjLI-o 

0 yb 


974 



0“J & 


* 


261 ! 

34 ! ^LygjaJi AjLsLw*i'yi 
612 : 45 y>- *U- 

612 ! oL-«j>sJl a5 j^- j^s* *15- 1 

! 4 _.Jg.ajJ ' u j_oJl 45 jj>- *l 5 - I 

612 

196 

332 : 4jjJU! *bL-Vl 
50 c35 ! 4^Jw«_**Jl 4 a_JV 1 
35 ! o-Lv^Jl 4 _o>x_w*JjJI ji 4^_siVl 
827 ! 4^j jJ ^jJl L_2o I 

p- ^J» Jw^s ^_JJ dgLaJgJ' o j w\_*jja ^u_jlp I 

108 c 107 

123 : 4^Lw<Jl ^LJLpVI 
276 aUJ^I 
47 1 45 ! j ^JaJl 4 j03\ 
125 : 4jjjU! 4 JI ^5 jiJUl Ax^i'yi 
875 ! 4 -^xjL« jjU! 4_j^VI 
261 : 5J S'Vt 


325 : jljjjl *1 jJl oUT 

455 c 454 ! < ^ISJul <LJl 

143 c 142 c 138 ^o^Jl 4JT 

258 ! y aJI 
646 ! <J jjlij|jJol5 o j>ilj\ 
183 :iobuVl 

^_J1 ,L^5LU ^UJl jUjNI 
227 ! 45LJgJlj 

830 :oUlJI aL^-Vi 

410 ! 4^j j _y5J^II oj-^-Vl 

616 ! 4^o Jj J 1 oJ-^-Vl 

869 ! <Laj bsj ^5wjl oJ-^-Vl 
873 1 869 ! a^ajLj jjbJl oj-^-Vl 
663 . 4^j j^aJl jL^I d->5^o oj_^j>-l 
830 : iJliJVl S^Sfl 
274 ! ^ 

269 : jUlj o-l jl 

618 ! 4 5 y> x_* 4^~Jg. 1*-* 4j>-l jj 


975 



! ljlj_L>sJl O-LaJLa BN ^woljVl 

234 

197 : l~£ 'jA\ S^Ul <_~,uSfl 

! Jh3 oli 4j Jjlj ^woljl 

231 

291 ! o 4jjjbJl 

233 : ikSUJl <,^UI ^oUVl 

-227 < 189 :^jJLJl OyJ^\ 

<265 1 25 1 <244 <236 <229 

398 <296 <278 <276 <274 <273 

! jl_L>rJl 4 j jjLJI ^woUVl 

1 238 <237 1 235—233 <231-229 
281 <262 <257 <256 <248 <240 

a 4 _j j_jLjJI o j—> ^wwjLjVI 
<257 t256 t233 <229 :jljJu>Jl 
295 <.281 <279 

231 :<LiJl jJCJl jJ> <_^uVl 
245 <231 :ijJl jSS\ <_^US/I 
275 iSjjliJl <_^UVl 

466 : JlioMl 

171 

208 : 

494 : c~.U 

358 <355 '.^Tk^y, 

838 ! ~JaJl <UjJaj V I 

661 ! 4j J' koJki ^ I 

854 ! j ^SLJl 


262 : SJL^Sfl 

837 : <j yJ>\ J^Jl ^ jJl 

377 :SjUJl oUj^Vl 

356 :S5^uJl oUj^Vl 

409 ! <Ljuj^Jl oL j 

! (<_uu jJjJl) ol_o J jJLSCJVI 

499 

<533 ! ^tLslj i u ./} j oL2 j 

534 

466 ! oLJ 

439 :Si Jr k^]\ oUj^Vl 
426 : DNA Jl oUj^l 
345 ! 4 jj ^S wJl oL j^SvJVl 
662 : <JLNl 

279 
276 
276 

<258 <96 <86 : jl 

722 <630 

285 

279 : yJ! ^Jl 

197 ! <u jJLa < 

232 :bj>. <_^UVl 

<194 <191 <187 :ojJLJl <_^ H UVl 
<288 <286 <285 <283 <250 

410 <294-291 <289 


976 



229 . y~A y* (. L<>-o>so| 
589 ! C ^ yOj\^ 


488 c 485 ! 4 ^ 3 ^^SsJl <jj>IjjJ! 
365 ! 4o!-L> 

203 ! oLJ j ^J l 
735 ! 4-Ja>Jl jJz obj-^aJl 
111 ! j^Jl o 


228 

Jj>cJ! 4-aJ_>cJL> I 



c 760 (.750 1 749 : oljjJUl 

776 


4_La_w^l 4_o y) oljj-LJl 
759 :^IUI 

4_L>lj2j| ^^sJl 4_«J y ^aJ| olj jJJl 

772 : 

4_olj>- I Q<_w-laJ ' CjI^ 4_jj_>LxJ| d->lj 

308 :c^dl 


489 ! Cj 
198 ! <U ^Jl o 

869 ! 4^_*oL*j ^ jljJl 


L?— *3 j CjI^ 4_L»s4? j_> 3 < a_v2_j 4_j^_jl_j ^ 

663 . 4_-o3 


179 ; 4jjjUI o 4*jo 


211 ! 4 -oj y^[ 4j>- ^1 a> 3 4_*_3 ji 4-Jo 


817 ! 4-vfl j^xJl j~jCS\ 4-o2aj| 
84 ! 4oj C-j\Zjy > Jl 4^o_Laj\ 
53 ! 4-s^o jIp 4o 3^>- 4-oJajl 
629 ! 4oj 4^JajVl 
. 4o^ ^^woJl 4_^$Cu L$C— ! <LoJao V ' 

815 C 814 

4jy ^SCwoJl 4_^^-o LSs-w^^ j^£S\ 4^oJgj *y ' 

627 ! 4oj-s<aJl 

- 589 ! 4ojobJl 4^52ol5w3j SCJl 4^220^1 
814 c 625 1 608 c591 

66 : Lil j& yA Jl 4-oikjl 
69 ! ^ jjlo 4-<>2aj| 

171 :S^l5UlNl 
502 : itaLJl ^ ^Ul 

362 : j^Jl JUilNl 
504 ! ^ojJcJl ^*}AJLI 
42 :^bi!l 

246 i^UJJl ^^1 iUJl 
245 : 4-J y^]\ JsLjS/l 
245 J*LjVl 

246 ! cJ'^l^so'yi 4 j>-j^j>3 J^LojI 
760 :o^/lojl 
765 ! 4^«5v-*Jl 

829 : dlill o j yj\ 

228 : .^1 djLojI 
114 C 1 13 ! Olwblo y^ yj jXJjl 


977 



( _ 5 -Lp 4-a-JaJl (jpL>- I ^-iui 

92 t90 1 88 : ^jj\ 

722 ! jL^ ^LJJ ^jl jJl 
: 4^51 !l *L_ H JaL ^'lAJl 

103 


. ( — 9 j * oJ' /»-5 ^-LJl J-^- 


UJI 


195 ! 4j jjhJl 4j«Jl 
72 . 01^5 j^Jl 
115 : <5 j _^JI ^JjJl 

ol^ J-<3 £-<3 <3 

72 : iJlp is j _^3 


788 ! ^sLoJl ^>1 jJl 

117 1 116 ivi^Vlol^l 

373 ! j jZ}\ ^1*jI ^>xj>x-} 

719 : 4™5 'j£\ ol^JjJl 

373 ! 

727 . A-O d->l ^Jl 

373 ! c-aU (JI>c>j jip 

719 : 4ail ol ^oJ jJl 

557 ! ^>^>o 

800 1 799 (.797 : oUjj^JjJl 

374 ! ^-o^oJl ^«*>t>6x)! 

352 ! ^lo i ^a 

> ! jl OjjjVb 

135 ! . ^ c 

597 ! <ujj ji 
599 ! jJ j5* wL«U>cj 
600 : £jlll jl-UcJI 

652 ! wL^bo _ /^sj j-4-Jl 

— O — 

609 ! j^>Jl 

60 ! _y ^ 

547 • ^ 1 ' ^ « /? ' 

307 1 305 \JyA Jl jJUJl 


378 


-3^dJ 4L>^<»Jl _ olJ^jVl 4*3^?- j 
62 


255 i253 : jjJJL 

638 Jl Ji-l-dl 

262 ! ^^r.'a./p ll 
262 : 

489 i^jdl 
494 : (_$ j jJl 

244 : (_jJbJdl 


255 ! jjJJL 

571 ! -Lo^Jl j I 

614 ! Ojy£]\ _ 0 jj ji 
614 ! o jj _ o jj j5 ^x*»*Jl 
644 ! ^~oL~oVl 22 ^Jl 4^0 
83 t81 ! ^jI jJl 

87 c 86 ! aaJsJI ^>|jJl ^vo^cxJl 


978 



! 4j jjbJl y olj V I CjI y 

395 

397 ! <uS2jl~*j I cj! j ^Jl 
348 . y *~^ Jl cijIj y 

349 ! <Ls^lajjJl <LoLiJl CJ>I j yL^jy I y 
421 ! a^j^>sJ 1 d->l yy^»y \ I 
384 . (JjLp ^ jl-p 0 cijIj y 

(JjLp p (j j jj 

385 ; L5j^>- <«— . w2i^ 

JjIp ^ ^ l-£* 0 1 *> J 1 ^ ^Jma 1 y I y _ 

385 :U5 

348 . cijIj y 


.383 :o^5LLJl 




384 


cjta ^JL>c_o»Jl tj cjIj yS^j yj\ j-3 

398 : 4j jJbJ! o^^Jl ^oU! 

345 ! Ajy jSLJi\ d-^L-oLioJl djlj yL^jy\ y 

345 ! Aj^jUJI CjLs^LioJ! djl j y^y I y 

348 ! ^iL>s^Jl (J j_*jLoJ| CjIj yL**>y I y 

554 . 0 J I 0-1pL™W I 1 

379 : yz 

265 ! ^yj y jjJl j j-sJl C-JLxJl 

1 574 <. 571 1 570 :^j^5^IJ^lJl 
577 t575 


571 
571 :, 


y\- 


313 ijjJJLijjJdl 


116 1 112 : yy 

141 : k^Jl J^l jS\ 
643 : y ji\ a Jj 

511 : yjy yiy\ ,_5ji jJi 

t 389 ! JjJo^S" 4JLJ2 0 y>t. j! y 

51 A «, 571 


313 t253 :^L^Io>oSfl ^ 

4_j j ,j? Jl 0 I 

389 :JU_J 


103 ! o^LoJl y 

189 ! ^jj^J jj 2 Jl y 
356 ! ^ ^ oSJJJ 'jS y 
301 ! .^.(J W jJJ~a y 
367 ! MOS j y 

616 ! 3 ^jJjl Oj ^jCVl j yL^>y\ y 

377 ! 0 j**,&a}\ ojjjl j yL^>y\ y 

397 • 1 _y»jj4Jl j\j 

367 . Jj jJaJl oljJiJl J ^L^oJjl y 

536 . J^~j ja j y*A y\ y 

t 424 ! ^ Oj ^lSsJVI C- j\j yL-Ay\ y 
464-461 (.441 


ji MOSFET Jl oljjJL^jJljJ 
391 ! 4^- jjj^Jl 

: JjjUl MOSFET Jl oljjj^jJljJ 

380 
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aJojISIi^JI ' 


I jljJl blb> 
578 


383 ! cJjIp ^Ip Z bib 
409 : ^Jl bib 

384 ! ( /^>c-vs l ^S ,% y! a\\ bl b 

56 ! bib 

126 ! b j j^voJl ^Jwvsaxll c->Ulb 
aj wLwLiiJl i ^ j j_5bs_oJl olJLb 

642 

31 c30 :U\y>jLS]\ oUlbJl 
751 : bj ^CwoJl bil ji > jiJJl oUlbJl 
75 . d->ljlb 

662 . cJ 

461 c440 : JJbl! oUb 
629 ! A**gjl*Jl ^Ii>sj1 a»jJL> 
759 ! (^A’bo jJl ^xJl ajJl> 

732 ! ^sbyglj 1 A^OJj 

A_Jo^j>sJ| baJj>cJlo b> j jUl <L_oJjJl A.jJb 

535 c 512 

556 ! OjLvoJl Ajjj'il I baJj>cJ! AJoJj 

67 1 ! — < ala.Jo a^jJL 

422 ! c*o>o j-L — j j^j'y a^jJL 
412 1 41 1 ! I Ai-o? j AjJb 
694 c 665 ! a^Ju Ja>cJ! bo y>^\ aJ_ol> 
665 ! bo L_o-s52Jl bojj>cJl a^Loli 
188 ! ^-bJl 


572 c 571 : aJj^JI b^Lkll _ 
590 : fj jJUl 

C 5 1 3 • i^L. 4 UJ | J b»J I A_l^^b>«*o 

514 

243 c 242 ! jJ j~j Aj j^Z 
577 : ^SbJl J j j£N\ 

227 ! ^*l~o>-!)U ■.✓?.*.! i 

160 ! jjj^2iJl 

44 ! L? «J ' ^jj^aJl 

483 . coIojjjI ^a>- ^Jgj 
218 

828 :J™Lo> jl ^J-plb 

1 12 ! ^Sbobuo j j-fSOl J^lbJl 

306 : ^os jJ ^5* J^plb 

1 103 1 87 ! j_Jjj j_o ob_s o*>1_pI bo 

836 c290 

83 : LS y*- blblbuJl oMplbJl 

45 ! j^g-Ji o-jjLbdl 

827 ! DNA _Jl ^o>u olc4 bib 

c 347 ! bjj j_5bwo-]l doLoj 1 bJ lb 

567 

J ■ S"V I dO*)\ sJ? J 4 0_il 02 >1 A )1 bo 

348 ! bjwL*o»Jl 
35 : bcSVl bib 


47 c45-43 : bLi^l bib 
579 ! olj!^ bib 


980 



828 ! ^laj j-~Jl CjI jjLLjJl jJ jj 

193 1 192 <. 188 i^jUJl 

458 ! o j*~ji jjy>- jLj 

214 :J15UJ! ^jiJl 

415 

yo«Jl ^ A ^ j 4-9l5j b->- yJ 

_ o _ 

636 . -U-wv^S'l 4_lp 

l 878 c 861 c 860 ! ^yl_> ^«g_S\Jl 

490 1 303 1 302 : c^li 

879 

249 1 155 : c~>L‘ 

81 : jjidl 

388 ! ^jL c^jU 

121 1 ^5wJi j jJaJl |» >lgull 

197 : >_j jilil 

270 t243 : y, jli 

107 : tyj *] U SipUl olJbill 

636 :.kidl OjiSfl 

649 : 

1 583 1 126 O^Vl, ^^Lw^dl 


775 


-c- 

589 jVJsjb 


. L^jLwo-S" J-p L^vw^ <Lo^jl y>z-> ( 


757 


583 ! o j-w 5 4^oU>- 

91 ! aJ sj! oloyjJl 
640 . d) 

111 • ^ % 'j! I <--) ! 

110 ! 4jjjU! l^s jt> 5J I Lo-^vJ>- 

O-Jj ^JLSbJ^/lj 4 \ La — o 5 1 oLj-^v_>Jl 

111 

569 ! ^Jl yjz Jl J^UL^I jlg_>- 

137 ! I jlg_>- 

: JJli ^j-o-S’ J-j-l-U jLfj>- 

137 

137 i jlf=f 


591 I 

74 :^bu->Ul 

61 :Ja^l 
636 . ji - I j.iqJjJ' 
268 t233 :^Jl ^1 

107 : LBL Jw? j 3 

328 ! LoLj^ 3 o j^jVI ^ 

329 :L3L^ o y>oV I -¥ 

4_j ^_^2— *— ll 4_^J w\_*_^_J I 0 V I yj 

329 :bU/ 

329 ! y* 

508 c 335 \gj>jd\ 
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541 ! oy>Ji\ 

-c- 

542 ! (jjJ^waJl) j _ 

485 ! j»5sJl j^-UJl 

4-Jl^iJI ^ ... - 1j i *_<2 ' koLil _ 

835 ! oj ji_aJl 

541 

t . 

304 c 303 c 301 

510 . i —4 ^2j>- 

319 

314 : j^T Lii- 

466 ! oUj jZ&y 1 aS y>- 

486 . ^ > " 

853 ! a^xjL>J| a£ sJ| 

485 : (1997) >j> vij'jp- 

233 : dLLtJl IS y>- 

484 . ^_>*Jl 

864 ! 4_oL> o aS y>- 

487 

_ i _ 

192 c 191 :oL^>J! 
295 ! A*«~,Jh\A-a \ jLJi a^-Ls^J! 

625 ! *^*' - 

306 ! a_oL j^]\ 

44 : Jliol 5Jb 

661 ! j^SsJl J^3S > Ji 

363 t287 c 153 : S^JJ JiJJl 5Jb 

556 1 >>J! 

32 :iLixJl aJIjJI 

518 ! c^-^xJl 

360 : ^y> jJ> aJIj 

146 ! SJJ ^oJl AjwL^xJl ajAs>- 

183 1 180 : Vr>Jl aJIjJI 

113 : DNA (jj jJl ^^>J! 

227 : Jjbjl .il «, jLSjji 

857 ! DNA ^£j j^Jl 

63 : ciUJa-ygVl iij 

499 1 49 1 c483 L-^pJl 

203 : (JjL* i jjj- 5 

233 ! A^L^wvJl ax_JjV! $ 

203 ! ( J~. o^- l i »»Li J - 

40 • jly ■> jr 5 " 

301 : .v_j .1 i o j-~io 

-c- 

308 ! 

?l.yg, ,j' ^JULlJ A_*JjjJl Jj_> ^JaJl 4_i?jlJ>- 

349 : J^lSidl Sjjjli oljta 

380 c 346 : o^L^Jl 

349 ! J^lSodl ‘\./}g->Cj> 4Jl«ISc^ oljli 

545 ! oUUl oji>- 
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263 ! jJl 

517 ! jwUJl ^Lw? ota o*l y^\ 

L^.v.Jg- 1 -x-oJ \ 4 ^ jL^oJl ol^ o?-! ja]\ ^jjj 

526 : 4JL1JI 
81 : .(» su~k ‘jVjj 
135 . ._* c 
205 : JLw t Jjbj 

- j - 

40 ! *_jjLi3l 4 j jlj 

502 1 501 : ^.j-dl ^jJl 

501 : - jJl 

500 ! i _yoojjJl ^....Ig.n^Jl 
321 1 316 1 307 olljiSfl £jj 
741 : 

409 JJliL* «. ilM y j 


- U* - 

550 1 546 1 545 : ^ 

172 i^likJl ^>^Jl 

504 ! ySLIVl * j-** 1 

249 . lIj j-^aJl 4P 
47 . 4j^ _^SLJ l n 1>*J I <lp 

42 : iiyill J~j‘>LJI 
102 1 87 : J^ylS^Sfl iUL- 

: ^yyjJl Jajl yJl uta o iL~vJ_~o 

190 


349 : J*l5kll ik- yjl oljljJl 
454 ! * ojj2 


787 : .1 

721 1 719 : ^pUI oljyjJl 

409 . L*i-^-s^*> La c I 


589 :^JjU 




_ i _ 


517 ! 4.^.k.x^J' o /IJLJI 

! 4_kk-allj_LJl ^jl ^LilJl lIjI j-Sk 
464 1 381 t 374 t 346 

ka^LksJl sl>li J\ j_*L w*Jl ^LilJl dl j_Slj 
531 1 530 : i™kJkl 

: ik'kuJl j~i> ^Ji I jJL*Jl i Liill ol jS\i 

530 

: ^ jJc-*Ji\ j j yJxJVl j yL~pj 2 l y> yTI ji 
465 1 464 

701 :lij^\ /IjiJl 


- J - 

210 : kl yll iklj 
97 ! (J CjLklj 
34 liMlsyJl ^wolj 
321 ! 1 4-si jJl 

61 ! 4-ul_> J-jjJl 4-si j-Jo jJl 
315 . 4-0—- ssJ>cJl iS^Ul ^-<»J! 4-si 
263 : j^J\ 
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398 : IBM 55 
578 1 349 : Intel 55 ^ 
229 : NEC 55 p 
569 t347 : Texas Instruments 55^-1 
325 ! j y. 

813 : Vj 5U- iolJ 
: i Sjj ‘ 




523-521 1 507 : ^jjdl j>Lw 

ojL^oJl 4 Is'. CoJ I ji j>Lw 

520 1 519 : 5^o_^Jl 

518 . 4 ^pL 5 JI j>Lw> 

518 ! 

37 : 5jcSVI it>b^ 


346 : 5 jj oil j ^ xS^JVl 5 j>L^! 
75 . 4_^<3 4_c-l 
34 : 5lal5c^Jl oljljJl 5^L^> 
27 . ^5C-oJl 4pb-^aJl 


- <> - 

534 . -*^1 g 5 j l ) 

529 : . s J lSJI 

590 . ^ ^->51 ^o-SvJl 1 

168 ! ^S2olSw>Jl 1 i 

679 c 678 ! Ja^-v^ 


169 ! A^JaJJcdl A-oLL'yi ii 

640 : ^LlJl o ^ 5CUl 
389 : WISCJl jl~5^I a5Lw 


228 ! t 

227 ! j^_Lo ob j-> t 

824 c 823 c 820 : F 0 F r ATP jl^Jl 


625 : 



578 . ^y> j 
165 ! ycS 1 qjj 
138 ! oJJ j-<Jl AjJ-kllb o 
102 ! 4 ^pL*_ 2 J 1 o 


493 ! 4-L^T^il 4 »Jws^-jj-L_^J| 

569 ! aJuLJI d->! j j_LJ| oLiLi 

97 . ol~5 a^^Ju 

440 ! ^ ^aLoJI Oj ^xSbJ^fl ( 7^>s_jo 

c578 c568 : Analog Devices A_5^ r _J. 

580 

434 : Hewlett-Packard a5 jJ> 
347 : Fairchild Semiconductor a5 ^ 
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190 1 184 : 

- L~ 

387 ^I^JI JjU 

249 ! 4jjl y>*}) 

412 

304 t302 : o _>iUU 

(.439 : LJLLj .> j-jLwoJI j j j 
451 (.448 (.446 <.441 

430-428 (.418 : ^ _^l jiJl 

431 (.428 : J^l^iJl jiJl JJc p 

431 (.428 : J™i^uJ! jiJl 

453 -451 : il jiJl 

876 : _j5 jIjip 

856 . ^yOUl j ^-Lp 

605 : 

502 ! 

450 (.447 (.444 t 443 : j] jS Lie 

286 ! (JL>^<»Jl 
269 : 

556 : 

251 : «jLj x^ )) <LL-p 
(. 228 ! j jJaJJ j?S\ 

768 

42 • i£ jj Jl 
263 (.209 : jjjJLJl 


_ i= _ 


190 ! 4SU? 

196 ! Jajl jl!l Sills 
194 :^yc] 1 Sill* 
630 ! o { j*~*>- Sills 
191 1 188 :oLylkJl 
39 t38 : JsUL^l SssLkJl 
97 : (_g jjbJl JlioML SpLkJl 

1 71 1 65 ! (_5j j5w>Jl <IpI . la ll 

95 

38 ipLkJl 

38 ! <U>2^1loJIj SpLlaJl 
836 ! 4^jli S_ob-l ^iJLls 

101 : aJI ji\ <pls~Vl oUJaJl 

! S_ol^-Vl {_£ J ./s «Jl 2 ) lIjIji^Is 

96 


365 Si> 

859 1 858 : <jLo SiJs 
681 ! S^jlu (Jji> 4jLls 

330 ! C~^0 jJu — J j^>s jN Jpl ^ls 


.753 


4_s- 4_S_i ^_ls 


763 


: (.5^' <_^i J-*-"' 0* £4^' 

82 


571 ^u^sai JJJI 

266 • ^ ' c .A*.*.*,# 1 ' J Jjr^ 
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220 ! ioAxa ohjjJ ji 

222 ! cjLj jS 

541 • J ^ jiJJ ** j3 

- 3 - 


232 c 2 1 0 ! ^Uj^JI oApli 

185 . ^ yi OwIpIS 

551 c349 c 82 c41 c27 ■ j J-jLi 

578 


512 : JjLxJI jyJl 
432 jiill 

501 : Xja Xo\ ji 
511 . jJ 0 j 3 
632 : jiJl ^ ji 

632 : >_j jliJl ^ ji 
632 ! <L>w?Ul jJiJl 


632 :c~iJdl ^ y, 
632 : ,j; jiJl 



215 : ^L^Jl jiJl ^Li 

416 ! <uL^> ^j^Li 

_ii_ 


724 : «Jb oli ob y\£ 

541 ! .1 objj^- t ^JlS" 


-t- 

760 ! oLj j^Jl 
766 ! <L^«5v*Jl lIjLj j^Jl 
761 1 760 ! 4j j ^5sJl oLj 

567 : J&L t jLJ> 

_ *_i _ 

661 : j_L tijlili 

345 ! ob- t j3 0^3 
227 ! c oLoJuli 

267 : ( _ 5 iJl jjSGl 

121 : (_g j ^SwJ I j jJaJ I J -323 

483 : JJlSL* <. 

727 i275 :SjjJuiJl 
835 ! ^Jl oj jijiji 
877 . <Uj J . 1 0 J jljlJl 

137 : 

796 : jLJi 
38 ! lIjU jj jiJl 
371 : S^jJl ji 
366 : ^rl3...<Jl (jUaJl S-J ji 
228 t206 : y _ <, J y 

t207 (.203 1 191 «. 189 :oL^JjJJl 
224 1 218 (.217 


323 ! .^jai Ojjjj t 111 
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219 ! <l3i~IjJ| objjJ j^Jl 

282 c 220 ! ioJj^Jl djljo jJ jjjJl 



. d->Lo^ L^l jS* jJlJ 

59-56 

5 1 ! Lo j-a] 1 L*_L V L Li I J& ^L-Ul 

a_lJ| j-i L_*_Jj V L) L^l j_p jJlJJI 
58 ! 4jL^o»*Jl 

a_lJ| (_5 _^i L_*_Jj V L j L^l j_p jjLwUl 
51 c 50 i^i^kuJl 

t53 c 52 ! LJ j ^ xSsJ^l! Loj^>Jl LJI ^jjJ 

82 

—59 ! oj5" ^<>Jl oLjjVI "ba y>- Lil j & jjjJ 

61 

775 c 35 : LJ yj^\ Lil y > jiJJl 
70 c28 c27 :LjJLJl Lil>jiJUl 
c 75 ! ^j-vJ^liJl ^_1 aJL LjjLJ! Lil 

96 


663 . *^pj ^-oJl <u~SLJl cijIj^J 

0 j_>s_jlJI oli ^_pLJ| y° - " °ljj_J 
663 : iJ 

692 t663 : oljjJ 

LlUjVI oli 

688 \y ^ VI 

c_LJ * a_LLLJ| ^_^JLll LaJjjJl d->l 
691 

! 1.5 urn vJ-^L^-o'y <^a yoS Lsaj 

689 

4_^J y<*Sb I ‘I-L-LlI I dJ I 
683 :^I^Jl 

252 :oIjjJJI 


166 . ^9 ^<>Jl ^^’La.^cJI l_aJuIS\JI 

544 ! Lw>Ja~Jl o^>Ll LsL 5 
245 ! o'yL^sJl o jj ji LsL5 
228 : J^tuJl jj^SLl 
203 ! d-^l jwL_&^j^5sJl 
228 ! jJ jjL& c j5" 
205 : ^jU c yj / 
111 :^U^JlLBLoL/ 
179 5 


525 ! ^jj-uJl ^L-s^ opILS* 
677 ! j^g^>cJl o ^-o-5* 
860 : L yiiJil! o j^SCJl 
363 ! b y*5 
179 . ». — jJ jS b y^ 
162 . y 0 

190 :yjy}\ bySS\ 

182 — 180 ! ^jjJl c oI>*lJI c->L y^S 

189 ! 4jjjJl C->L y^Sb\ 
228 \ djyjj - ^j~j\j i J j£ 
424 :L£iliLJl ^U-SCl 
823-820 '.jiyS . Jl 

- J- 

625 : .0 . j 1 2L ybl 
227 : (jl -Li j j t (jj jJ 


439 : 


o~t 


\ j£- L*->" t 


70 ! oUjj^/I Lil 
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(JU-Jl) JJ J 1 ' 

170 1 169 1 137 : A-oyJl 

327 : iliJ! 

4 5 lg - oJl (_p ilijJl 

335 :wlJ! 

t265 1 1 19 i o jjsSiJy I (jUu-3 <L> ~ 

666 t 308 

793 ! jjiSvJVl 4j 

833 . 4j j J ' 4j ' 
834 ! ^L^LaiJI ^Lj 4j 

793 :^>JI 
169 ^c— v-a 4 j 

788 : ^ SlSWJl 

860 ! 4_ob j_^_5CJl Owbb>c*oJl 

144 ! JJl J j^gjlli ii y>mj* 
813 ! 4jj^>sJ| 4JaJj>c Jl CjIS j^c-a 
650 ! 0 j3 yS>- y«S>zA 

*1 ^<>->cJl <Z^J>zJ J.yg.j i 

1 693 ! ^-a j-o-SsJl jJL*_Jl jg •<>. i 

698 c 696 

! ^C, jJL**woJJ -La jLlll ota oL^j 


-f- 

44 t34 (.31 c28 : SjUI 

137 : ^-Ul 

138 ! ^-s^LoJl 

853 ; 4jjjUJI a^xjL>JI 

.353 c238 c 152 : ^jL Ll^ 


485 ! y* j^SsJl i_-s5"l j^\ l-L-o 
422 : jLJl5 JIjl- 
421 ! A^jy > Jl o'yi-L-oJl 


c 137 c 135 


191 ! 4jjjUl JgJ j L>t^J 1 
. ^--olwoJl ^_ftl_>s-a 

308 c 27 1 1 138 


JgLJLjJl ob LJ j Js jj oL 

693 : 1 

75 . j . Lxjj 4^- y±S>zA 

706 . ( $ J &S* y>J>zA 

c 314 c 161 c 136 ! 4 _jj-L!I SjJLlI j_^_>s-a 
625 c 570 c 4 1 6 


161 c 1 3 6 . ^-v-oJ I o 

169 ! 4.^-v^jg.L^oJ ' o J jjjJl j>s-a 


524 ! ^L»-vg oLj»s> 3 
641 c 625 ! a^SCoISwj j ^5wJl oL-vs>tx>Jl 
28 ! J j-b>«-a 

492 ! j 


.149 c 136 c 135 : 




1 41 6 c 41 5 t411 1 308 c271 
666 c454 

c414 c333 :^j^5b!)[I^Jl 


988 



269 c247 ! jl^lj 
878 ! y j ilJj'yi ^LiU za 
153 ! j),.ygJi olxj^l! A^sLJa-a 
153 : aJLWJI 

501 o^UJl 


764 ! ^4 ^ j-j>sJl 
645 : jza aJ^U^ 

645 ! Jljjj j_LLsi aLIx* 


304 c 301 : yXzjjt ibl*-. 

286 ; jj _ aJ^Lx« 

856 c609 \ ^y£ jza ~ jX U aJ^Ix* 


369 ! ^_~*>sJl <J jjo2>> 

736 ! ^y>- j^»Jl ^JwJwlil cJj_xo 


844 ! L £ ) jX> <~~S Jj olJJlxo 
40 \Ji\jjL~ 
547 ! ax12Ll<>J1 <Lww. J g.XxoJ ' 


440 ! jj _ *^_3 J 

428 ! jX> jS J j*~&a 
511 ! J 


i _ j jS 4_j jL_^_>3 


753 


592 ! <uS ^>sJl <Lww»wJai^Ji ajjUL^JI 
417 . ^>iLojJ ! A>a^ IjLa 
640 c 638 ! ^laJcsAll <U jlL>Jl 
500 ! ' <ujliL>Jl 


580 ! a*jJ& j}\ LwULw*i C->I 

213 ! ^Jjy>^\ (J jS jjt> jlwU 

c 2 1 3 : iJ jjbLjl k^xj>Ji\ o! jIjl^JI 
420 c 4 1 8 c 41 7 c237 

c 2 1 3 . aJ j_aLJ! jsS* Jl oIjIjloJI 

420 c 4 1 8 c 4 1 7 c237 c215 

801 1 790 : *jy jjJ! o%Ul 
754 ! A_) j. >j2J A^XU Ol>ui jA 
334 ! ^jjjbJl oU>»^vj>cJl oLS* y* 

1 33 1 c 324 c 323 : ojJUl oL-S^Jl 
339 c 332 


333 c 332 iUaj^Jli^Ul oL5^Jl 
112 ! I jJjJjj ajjjLJI oUS* J l 
250 : aJ 

875 . y ^jUJl djLsl-wvwoJl 

630 ! A_> * li A_ol jJl »A 

c 361 c277 c238 c237 : ^ 

418 1 363 

265 : ax^JI A-xi J L ^ j^>cJl l5 y>iL^~o 
854 ! y j£d\ ^ j^wv>sJl ^ j jZ+a 
41 : 

464 ! oU j ^xSsi^f! 4 j>w2>3 
663 . ^ j*j L> ^jL_UI ^_>c-»/2^>Jl 

. A_L^> ^->2 yg ) 4j j^g a 1 i dJ Loj>t -oJ I 

691 1 663 

677 : ^IkSVl ^L^Jl aJuSOI 
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301 ! jA . j w 

821 1 820 


- J - 


527 : UibJl 

283 (.232 ! «L» Ip- jJl 4—2 
319 1 3 1 8 i310 ; 

181 ! i2 j ^SsJVl olilkJl 
57 ! (_£ j- 42 -Jl Oj jXSC*)/l *Uaj 
641 ! ^ j5CoJl j jjZSAy\ ^Uaj 
853 ! JLJ\ J^isai plJaj 

4— 1 j ^_jl_wOw^5sJl J^wL_>tlJL]| aI Ij : 
854 ! \jj j£Aj3 

503 : JJLil co jji 5j jAsj 
486 . ^4 y&AA\ ^LiJl 4j j]aj 
135 til 

137 : AjiUJl 
149 :Ukl\ 
457 : iUl 


301 : 0^531 iUJl 


73 : (_g jjbJl 
526 : 

313 t307 : J4^' 

313 : ULJj/ J4^' j^ 5 ' 


.661 . 1 — 9 j 


675 1 665 


509 1 508 ! ojLj>J| 4.....1j - .»-<J' <u jlLjl 
500 ! O jULjl 

1 330 ! 4j‘5Lo_*Jl 4 la *. «-oJ 1 4-4 jlioJl 

549 1 544 1 5 14—5 12 t 506 


532 1 508 '. 4-iJUJl 4 la *. «-<J I <u jliLoJl 

w 505 ! ‘L-?-2 jL4*5\J1 4 ..... lg. 4-4 jLLJI 
549 i 506 

527 1 507 : A2kS\ o jUJl 

533 (.510 ! 5JLsLgJ \ 4 la *. «-<J 1 <u jULaJl 

484 ! j j_Jo ^Ji4 
179 l^Ul^UJl 
444 : S^L-Jl 


509 : obLic-Jl 

372 ! ( ^153*4^1 4 (? Ig ’. 4 

753 t242 -240 : jiyky. 


567 : 4jj 


569 1 567 : aJUScJI oU^Jl 
649 : JjLJI j jJaJl ol i JJUUwJl jI 
203 iL^bJl 


170 ! oL>- 

578 : ‘■jj-* 


156 . 4^jLiJl 4-3-^ 

158 . 4 . /O j :2— 4 ' 4-2-^ 

419 1 417 . I 4 - 3 -^ 


813 . j^ 15 b y^S- I 4 -J 4 ^4 
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oL>- j_oJl j-oLo (J J_*Jl o y>^-& 

843 ! 4^3 J-iioJl 

432 c 41 3 c 41 1 :4jL^JU^Jl 

868 \^y^\ 

O yj ^_S\_U ! Ja_) I I 4 __^_\_L_& 

179 \j± I ^>Jl 
179 ! o 4^wU_A 

301 • • ^ 1 ** ‘2-L>^ — •« J J-& 

27 ! . j t cj j_a 

208 ! 4j C jU jJjSj j -L_ gJl 

719 i .j t 

- J - 


c 592 ! oLs^jLxJJ y - ^j> y±-> 

596 

516 c 5 1 5 :oy 

J-^' er* J ' 5 c -’ (T^J-^ 

504 

581 : 


116 . \s^ yd 1 I 

168 :jyl ^Jl 
634 ! 4«2>i>c-L oil o?-Lw^>sJl ota j^Jl 
81 : 0 »- 

803 ! obsjjli jj 
- -A _ 


229 : ^ cjJulj 
103 ! a*j j^w jjU 

553 ! Oj^-sJl JsjL-mj 
440 . 4.L*/? ^Jl 

165 ! 


27 : .j . J c Cj^jjLa 
853 ! 0 y^ y>- c O^ 5 
490 ! ^iLjLa c 

499 ! aJj! c ^jJoLa 
843 ! ^jL> j-^SsJl o 
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(*) 


J->JL 4 

CiLjjjlill ^ J 


{ j ) -C. i_aJLSUI 4 <a %jJ 4 I m I in H 0J—& ^ ^ " 

C/.-a~— >-!' t-. jjl t_4_Jl " •> j 1 C_iLj. t.2.*>.!l 

ijl-ill (j-II iajjll Jij 

iL^jLjLSjj cjLj^jLUI ^Li-jus i_i LiSUI I jjt ^JiL^j 

L»-UI lj O Ji_d 4 _£l£ Ji (j-U J J 4 1 JlC. I JJ lib Jl>- J I jj V J fl->- ^-4>J 

4 _uj JuX^J I j Lx>- jJ y~) LxJ I j g Lj^xflJ Lf> 4 _Bj_aJ, I f\3j^ Cj-A 

l-i rzuj 4jl^J,l ^cjx: o 4 4_u L l4-l£J I 4 ,.i. t i^tlj 4_uLij-^iCl ' 
Cj LujjxSLlV I ijii-a (JjJLa- A_ 4x.jLui-ba ^ t-> > 

4 4_j_i_x£^jJLJI 4_jJL}j-asJl 4 _j^_l5cJI CjL^j-scJUj t 4_ixj j_3eJl 

iDNA J I ^ 5 j-cxaJ, I j_yj I jJI d-^rJ I cj I j 

. 5 Ij. a 4 1 1 CjljjJLi ^jcTJI j 

i_}}LkJ L^a i- CxLxbj 4Ld Liu 4_d JuLd <__i I-TiSCJ 1 J-&3£ 
oVLeJj A_ LlLJI CjLuIjjJI j 4o£UJtl 4_4J«_dL*Jl 1^1, I 

4 t >u 4 Jjl^>U I Lujua 4 jI U£ .o'} Lc. 1 l ^ \c 45 JJU 4_i£jjl! > I 
02 J 3 cr^ - L$j> ^ x J 3-^3 4 {j^C- LlmaJl j 

CxLibj (J-4 ^x 9 t J£' 4 j L^j . *lju>.l 4 _*_i_uj ^jJuu VLucaS 

• xjL&JI <^->1 _^_d A- £-xujxJl ^..Ic. 4 1 1 1— > T ' ^j.?t.ZuTJ £_». lj_dj 4llLd ! 



^Ul <> cJlill v l^JI (*) 


5 t d L>- eL- gl_)j_XX_JI j l *4 nil :l f 1 4 J '' J ' J a 

L-U J ^ d _4 1 If)’ 4^jLLuJ (jLtU 4 l-UJ)^fl J I 

£— 4_lj Lj-^XJ I d ^ ' VI 4 _uj _lLa j l ~ 1 1 1 1 • c5j) A j[ Ql.flx *I.< 11 

1 I rtt \ \ l id / 1 I '1 A' ... il t l«olv 

l j t j Q2 ‘ ^ ^ * a 4 9 . 1— i^.. j, a. I ' j 1-~4-4 ji ' l tl A .j Q J 

. Lu_t>-^-b 4 M-i 4 tblxt^Tt-J ^..i II 


4_jj_j_reJl g-Lj j. j a ll jl ~ ml : ^ 1 V J <» Il j\ ~i 111 II . J 

Iji-- a 4 4 I J-i-J 4_*_dL>- t I « 1 1 4 -lKJ 4 jr l « »,VI 

- 4_j J-1SJI 4 jlx L>- 4 4_jj L a jJjlI I ^Iojj ^jJL*Jl 4xi^ 

^js~i is - 1 se-i a 4j JiJ-lu-I ' CjL*_aLreJI A_ jlxxul .J 

4_i_c-L«JI 4-ddv^xlLi fy"d JJ i~'Vl ,^>" VI J Cj Llj j^lSU V L 
.4 jjjjiJI ^^Jl 4_jj_jirejVI 
3 ii LLx I j 4 jl^JU g LxggSJl A_ 4x>. L) :^4xilj^1 jxJ .J 

Lltv. 3 J 1 0 4 -t 3 j i I*^i *4,1 1 ^ 3 _l*JJ j^JLsJI '^*11 A_ gLxdxSJI 

. ^.4U.d 4 4^ 






dLuJI .1 
jlitJlj JjJuJl .2 

g \j I .3 

34 UJI .4 

4j fiLLuuJl .5 
old ^Laujl 4j *4 fl*i .6 

. "'VU--4 <Vl^ Cjl J^^jy ‘~~» 1 Vl .7 

CilxjjuiJlj 

(jl IjjlaJlj 4-1 , Anti .8 

2^UaIl .9 

4_d! \ n'i oil Jlj^l .10 
dCuxJl .11 
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